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Preface 


The  purpose  of  this  thesis  is  to  ^ply  moving-bank  multiple  model  adaptive 
estimation  and  control  (MMAE/MMAC)  algorithms  to  an  actual  space  structure  (SPICE) 
being  examined  at  Phillips  Laboratory  at  Kirtland  AFB,  NM.  This  research  follows  the 
work  of  Captain  John  Gustafson  who  began  his  research  with  the  SPICE-2  model.  The 
primary  design  tools  utilize  Kalman  filtering  and  control.  When  uncertainties  exist  in 
the  system  model,  a  bank  of  filters  increases  the  robusmess  of  the  L(XJ  control.  The 
moving  bank  decreases  the  con^utational  load  when  the  bank  of  filters  is  excessively  large 
as  a  result  of  numerous  discretized  points  in  the  uncertain  parameter  space.  Many 
techniques  are  investigated  for  moving  the  bank  as  well  as  for  providing  the  control  input 
determination.  Results  of  this  thesis  indicate  that  the  MMAE/MMAC  algorithms  are 
highly  effective  in  quelling  unwanted  vibrations  in  the  SPICE  structure  in  the  face  of 
parameter  variations. 

The  research  accomplished  here  would  not  have  been  possible  without  the 
guidance,  patience,  motivation,  and  judicious  use  of  the  red  pen  that  E>r.  Peter  Maybeck 
provided.  I  wish  to  thank  him  for  this  and  for  always  finding  time  to  aid  me  in  this  effort. 
I  wish  to  thank  Lt  Colonel  Riggins  and  Dr.  Liebst  for  their  time  and  suggestions.  I  also 
wish  to  thank  the  individuals  at  Lockheed  (Ross  Blankenship  and  Rick  Baldwin), 
Honeywell  (James  Chow),  and  Phillips  Lab  (Rory  Ninnerman)  for  aiding  me  in  tte 
development  of  the  SPICE  system  model  and  controller  design.  I  wish  to  thank  my  wife, 
Robin,  for  her  patience  throughout  this  seemingly  endless  eighteen  months.  I  love  you, 
and  yes,  I  owe  you  one  (or  even  a  couple).  Finally,  Fd  like  to  thank  my  son,  Nicholas  (2), 
and  daughter,  Macie  (2  months),  for  always  having  a  hug  ready  when  I  walk  in  the  door. 
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Abstract 

The  purpose  of  this  thesis  is  to  a{^ly  moving-bank  multiple  model  adaptive 
estimation  and  control  (MMAE/MMAC)  algmithms  to  an  actual  space  structure  (SPICE) 
being  examined  at  Phillips  Laboratory  at  Kirtland  AFB,  NM.  The  structure  consists  of  a 
large  platform  and  a  smaller  platfcxm  connected  by  three  legs  in  a  tr4>od  fashion.  Kalman 
filtering  and  LQG  control  techniques  are  utilized  as  the  primary  design  tool.  Implementing 
a  bank  of  filters  inaeases  die  robustness  of  the  LQG  controller  when  uncertainties  exist  in 
the  system  modeL  whereas  die  moving  bank  is  utilized  to  reduce  die  computational  load. 
Several  reduced-order  models  are  developed  fi'om  the  truth  model  using  modal  analysis 
and  modal  cost  analysis.  The  MMAE/MMAC  design  with  a  dramatically  reduced-order 
filter  model  provides  an  excellent  method  to  estimate  a  wide  range  of  parameter 
variations  and  to  quell  oscillations  in  the  structure. 
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CONTROL  OF  A  LARGE  SPACE  STRUCTURE  USING 
MULTIPLE  MODEL  ADAPTIVE  ESTIMATION  AND 
CONTROL  TECHNIQUES 


/.  Introduction 

In  systems  in  which  the  dynamic  responses  are  not  deterministic  but  stochastic  in 
nature,  Kalman  filters  have  been  proven  effective  at  estimating  the  system  states. 

However,  this  assumes  the  system  model  is  comprised  of  known  parameters  and  that  these 
parameters  vary  within  the  robustness  range  of  the  Kalman  filter  as  determined  by  a 
performance  analysis  with  proper  tuning.  An  exan^le  of  a  typical  parameter  might  be  the 
time  constant  of  a  first  order  lag  model,  or  the  damping  ratio  of  a  second  order  model.  If 
these  parameters  are  not  known  exactly  or  are  not  within  the  range  mentioned  previously, 
they  may  severely  degrade  the  perf(«mance  of  the  Kalman  filter  based  on  the  assumed 
system  model.  In  actual  systems,  these  parametm  may  be  constant,  vary  daily 
(temperature  variations),  vary  over  time  (possibly  due  to  aging),  or  make  large  discrete 
junq>s  (as  in  a  structural  fatigue  or  a  break).  It  would  be  difficult  to  develop  a  single  non- 
ad^jtive  Kalman  filter  to  be  completely  robust  in  this  arena.  Multiple  Model  Adq)tive 
Estimation  (MMAE)  has  been  presented  as  a  technique  that  may  prove  effective  in  these 
situations  [25: 129].  In  principle,  each  value  that  the  uncertain  parameter  may  take  is 
incorporated  into  the  system  model  of  a  single  Kalman  filter.  Many  such  filters  are 
generated  and  arrayed  in  a  parallel  "bank",  each  based  on  a  different  system  model.  The 
output  (state  estimate)  of  each  filter  is  probabilistically  weighted  relative  to  the  others. 
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using  the  probability  that  each  hypothesized  parameter  value  is  in  fact  the  best  value 
(based  on  evidence  gathered  through  the  histcny  of  measurements)  at  the  current  time,  as 
determined  by  a  scheme  in  which  the  filter  based  <m  the  correct  parameter  obtains  the 
highest  probability.  The  sum  of  the  individual  probabilities  will  be  equal  to  the  value  1 . 
The  weighted  outputs  are  summed  to  generate  the  overaU  adaptive  state  estimate.  A 
diagram  of  the  MMAE  is  presented  in  Figure  1-1.  As  illustrated,  the  output  of  the  system, 
z ,  is  fed  into  each  Kalman  filter  (each  based  on  the  assumed  parameter,  for 
ksl,2,...,K)  which  then  outputs  a  state  estimate,  x^,  and  residual,  .  The  residual  is 
the  difference  between  the  actual  measurement,  Z ,  and  the  best  prediction  of  its  value 
produced  by  the  Kalman  filter  based  on  the  assumption  that  the  correct  value  of  the 
parameter  vector  is  A  probability  weighting  factor  is  generated  for  each  filter  state 
estimate  as  determined  by  a  hypothesis  conditional  probability  computation  [25:130] 
jq>plied  to  its  residual.  The  probability  weighting  factors  are  multiplied  by  the  iq  >propriate 
state  estimates.  The  MMAE  state  estimate  is  the  resulting  sum  of  all  these  products, 
which  is  a  probability  weighted  average. 

Unfortunately,  there  are  problems  inherent  in  this  technique.  If  the  range  of  the 
possible  parameters  is  continuous,  the  number  of  Kalman  filters  required  would  be  infinite. 
A  substantial  number  of  filters  might  still  be  required  for  a  discretized  parameter  space, 
and  this  would  still  be  computationally  burdensome. 

By  utilizing  a  "moving  bank"  of  Kalman  filters,  the  computational  load  will  be 
lessened.  The  concqX  of  the  moving  bank  involves  using  filters  defined  for  a  subset  of  the 
full  parameter  space.  Thus  at  any  one  time  only  a  small  portion  of  the  total  number  of 
filters  will  be  on-line  and  actively  estimating  the  system  states.  The  assumed  parameters 
of  this  subset  would  attempt  to  surround  the  current  parameter  estimate  in  the  parameter 
space,  and  be  able  to  move  should  the  parameter  drift  or  jump.  This  will  be  illustrated  later 
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in  Section  1.2.3.  By  so  doing,  the  sum  of  the  probabilities  of  the  active  filters  should  be 
predominant,  and  the  sum  of  tte  probabilities  of  the  inactive  filters  should  be  negligible. 
Moving  the  bank  is  acconqrlished  by  dynamically  ledeclaring  which  set  of  filters  will  be 
active.  In  this  maimer,  the  moving  bank  should  be  able  to  track  the  parameter  estimate 
and  thus  maintain  its  validity. 

Since  this  research  is  being  qrplied  to  a  linearized  system  model,  an  obvious  choice 
for  the  controller  is  one  based  on  the  Linear  system  model  with  a  Quadratic  cost  control 
criterion  driven  by  white  Gaussian  noises  (LQG).  Other  controllers  might  suit  the  needs 
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of  this  system,  but  this  thesis  will  focus  strictly  on  the  LQG  controller.  The  Multiple 
Model  Adaptive  Controller  (MMAC)  design  is  depicted  in  Figure  1-2.  The  LQG 
controller  gain  -G*  associated  with  each  parameter  value  is  cascaded  with  the  output 
state  estimate  from  each  associated  frlter  and  appropriately  weighted  (as  discussed 
previously).  The  sum  of  all  the  weighted  controls  from  each  individual  L(X1  controller 
forms  the  final  control  for  the  system.  Additionally,  each  of  the  individual  filters  is 
provided  knowledge  of  the  final  control  as  fed  to  the  real  world  system  (although  this  is 
not  explicitly  shown  in  Figure  1-2  in  order  to  keep  the  diagram  from  becoming 
unnecessarily  con^licated). 
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Due  to  the  large  size  of  system  states  involved  in  this  thesis,  it  will  be  desirable  to 
attempt  to  reduce  the  order  of  the  controller  design  model.  This  will  further  decrease  the 
computational  burden,  while  possibly  making  the  controller  physically  realizable  for  the 
actual  system.  However,  care  must  be  taken  not  to  eliminate  states  that  would  adversely 
affect  the  performance  of  the  Kalman  filters  or  LQG  controllers.  There  may  exist  a  lower 
bound  on  the  number  of  states  necessary  for  good  performance  (when  tested  against  a 
full-order  simulation  of  the  real  world  system)  which  may  still  result  in  excessive 
computational  loading.  It  will  be  necessary  to  analyze  the  tradeoff  between  tl^  two 
concerns.  Additional  care  must  be  taken  when  tuning  the  filters.  Proper  tuning  by  adding 
pseudonoise  to  con^nsate  for  system  model  order  reduction  or  other  deficiencies  may 
also  cloud  the  filter  differences  from  the  parameter  discretization  and  inc{q)acitate  the 
"Hypothesis  Conditional  Probability  Computation"  blocks  of  Figures  1-1  and  1-2. 
Determination  of  additional  pseudonoise  and  parameter  discretization  must  be 
accomplished  concunently. 

This  thesis  will  utilize  a  moving-bank  MMAE  and  L(^-based  MMAC  controller 
to  control  a  large  flexible  space  structure  (SPace  Integrated  Controls  Experiment,  or 
SPICE),  with  the  primary  goal  being  to  quell  unwanted  vibrations  induced  in  the  structure. 
Figure  1-3  displays  a  single  rendering  of  the  physical  structure  located  at  I%illips 
Laboratories,  Kirtland  AFB,  NM.  This  work  follows  directly  from  work  accomplished  by 
Gustafson  [1 1],  but  using  an  updated  version  of  the  system  model  (Version  4  or  SPICE- 
4). 


1.1  Notation 

Notation  used  in  this  thesis  will  attempt  to  maintain  consistency  with  [24]. 
Deterministic  and  stochastic  processes  alike  will  be  indicated  by  the  roman  typeface. 
Vectors  will  be  displayed  in  bold-faced  type,  X,  whereas  scalars  will  be  normal  type,  X. 
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Matrices  will  be  displayed  in  upper  case,  X.  A  particular  realization  of  a  variable  wiU  be 
displayed  in  italics,  x . 

1.2  Bact^round 

The  purpose  of  this  section  is  to  explore  the  four  main  areas  of  concern  involved 
with  this  research.  These  four  include:  (1)  the  system  model,  (2)  Multiple  Model  Adaptive 
Estimation  (MMAE),  (3)  Moving-Bank  MMAE,  and  (4)  Moving-Bank  Multiple  Model 
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Adaptive  Controller  (MMAC).  This  discussion  will  not  address  the  specific  problem  for 
which  this  research  is  being  accomplished,  but  will  present  the  ideas  in  a  more  general 
sense. 


1.2,1  System  Model 

The  actual  system  model  will  be  presented  in  Chapter  3.  As  stated  previously, 
this  model  is  just  an  updated  version  of  the  true-to-life  full  system  model  of  194  states  first 
used  in  Gustafson's  research  [11].  Although  the  physical  shapes  are  different,  the 
development  of  the  models  will  be  very  similar.  For  the  purposes  of  this  discussion,  a 
simpler  model  will  be  better  suited  towards  an  introduction  of  the  concepts.  Research 
accomplished  prior  to  Gustafson  employed  much  more  sin^ilistic  system  models 
[15,18,33,37,42],  of  which  the  latest  will  be  presented  here. 

The  physical  slupe  of  the  simpler  model  was  that  of  the  two-bay  truss  structure 
illustrated  in  Figure  1-4.  This  shape  was  originally  devised  to  emulate  an  appendage  that 
required  adaptive  control,  which  would  then  exist  attached  to  a  much  larger  space 
structure.  The  rectangular  structure  shown  would  be  attached  to  a  much  larger  structure 
(not  shown)  at  the  hub.  The  entire  truss  structure  in  the  figure  can  be  rotated  about  the 
hub  in  planar  motion.  The  hub  can  be  thought  to  be  fixed  with  respect  to  inertial  space. 
Physically  slewing  the  truss  structure  about  the  hub  (for  purposes  of  pointing  or  achieving 
a  new  angular  orientation)  results  in  undesired  vibrations  which  must  be  quelled.  There 
are  accelerometer  pairs  co-located  with  actuator  pairs  (thrusters)  at  the  two  positions 
indicated  on  the  figure.  The  accelerometers  are  assumed  to  measure  position  and  velocity, 
and  the  actuators  are  used  to  generate  control  inputs  to  quell  the  physical  vibrations  of  the 
structure.  Additionally,  there  are  two  gyros  located  at  the  hub  which  measure  angular 
position  and  velocity. 
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Initially,  only  a  6-state  truth  model  was  developed  for  the  example  system  [15,18], 
but  was  later  expanded  to  24  states  [42].  The  24-state  model  enhanced  the  accuracy  of 
the  truth  model  by  reducing  the  number  of  unmodeled  states.  These  models  were 
developed  by  applying  a  finite  element  analysis  in  the  determination  of  the  mass  and 
stifhiess  matrices  [44].  Chapter  3  will  provide  a  discussion  relating  the  mass  and  stiffness 
matrices  to  the  damping  ratios  (Q  and  natural  frequencies  (a)„)  of  all  modeled  bending 
modes.  These  last  two  parameters  were  considered  to  be  unknown  and  formed  the  basis 
for  the  uncertain  system  model  requiting  numerous  Kalman  filters. 


1.2.2  Multiple  Model  Adaptive  Estimation 

The  need  for  any  type  of  adaptive  algorithm  arises  fix>m  uncertainties  in  the  system 
under  scrutiny.  MMAE  is  one  method  of  dealing  with  these  uncertainties.  If  there  are 
uncertain  parameters,  a  (a  vector  composed  of  scalar  parameters  such  as  ^  and  Q)„),  the 
state  model  cannot  be  determined  exactly.  These  parameters  can  be  thought  to  fill  a  space 
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defined  by  all  the  possible  values  a  particular  parameter  may  take  (a^  for  k  s  1,  2  ...  K). 
Kalman  filters  have  a  subjective  level  of  robustness  inherent  in  their  development  (able  to 
address  relatively  small  uncertainties  in  the  system  model),  but  in  this  situation,  the 
possible  range  of  uncertainty  is  too  large.  A  filter  must  be  generated  for  each  specified 
parameter  value  in  the  space.  The  parameter  space  may  be  already  discretized  by  the 
physical  attributes  of  the  system,  but  more  likely,  it  is  a  continuous  range.  A  continuous 
space  must  be  purposefully  discretized  to  keep  the  number  of  filters  realizable.  Since  one 
filter  is  necessary  for  each  discretized  value,  the  total  number  of  filters  corresponds 
directly  to  the  number  of  chosen  values  in  the  space.  For  the  example  system  used  in 
initial  research  [15,18,33,37,42],  there  were  2  uncertain  parameters  a  =  (^,Q)„)^  that 
were  allowed  to  vary,  each  with  10  possible  discrete  values.  The  resulting  parameter 
space  was  a  two-dimensional  10x10  space,  requiring  100  filters  (K=100).  If  each 
parameter  had  100  values  instead,  the  number  of  filters  jumps  to  10,000.  It  is  easy  to  see 
the  number  of  filters  can  become  computationally  unbearable  quickly  as  the  parameter 
space  grows  in  size  and  as  more  uncertain  parameters  are  added. 

The  output  state  estimate,  from  each  Kalman  filter  is  based  on  the  parameter 
value,  8;^,  used  in  its  system  model.  The  state  estimate  fiom  the  filter  using  the  parameter 
value  closest  to  the  true  value  should  be  determined  to  be  the  most  correct.  Thus,  the 
magnitude  of  the  output  residual,  ,  should  be  the  smallest  for  this  filter,  whereas  the 
magnitudes  from  other  filters  should  be  relatively  larger  [25: 133].  The  residuals  are  used 
in  conjunction  with  a  hypothesis  conditional  probability  to  determine  a  weighting  factor 
for  the  corresponding  state  estimate.  This  hypothesis  probability  is  the  probability  that  the 
discrete  parameter  value  used  in  the  filter's  system  model  is  closest  to  the  true  parameter, 
conditioned  on  the  history  of  measurements  observed  until  the  current  tune. 

Consequently,  the  highest  conditional  probability  should  be  assigned  to  the  most  correct 
filter  (smallest  residual),  and  lower  relative  conditional  probabilities  assigned  to  the  other 
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filters  [2S:133].  There  are  four  difierent  methods  for  determining  the  final  state  estimate: 
(1)  the  Bayesian  form  (alluded  to  in  Figure  1-1),  (2)  Maximum  A  Posteriori  (MAP),  (3) 
the  Bayesian  form  based  upon  the  Maximum  Entiopy  with  Identity  Covariance  (ME/I) 
density  computation,  and  (4)  the  MAP  form  with  the  ME/I  density  computation.  These 
methods  will  be  presented  in  Section  2.3.2. 

1.2.3  Moving-Bank  MMAE 

The  concept  of  the  moving-bank  MMAE  arose  from  the  need  to  reduce  the 
computational  burden  created  by  a  full  bank  of  Kalman  filters.  In  the  previous  section,  a 
2-dimensional  type  bank  of  100  filters  was  introduced  and  is  illustrated  in  Figure  1-5.  On 
this  figure,  "Active  Filter"  designates  a  discrete  parameter  value  upon  which  an  active 
filter  is  based.  Currently,  it  would  be  computationally  infeasible  to  consider  having  all 
these  filters  active  at  once.  Therefore,  it  becomes  necessary  to  maintain  a  minimum 
possible  number  of  filters  active  at  any  time.  For  the  introduced  system,  the  variable 
parameters  (^  and  (D„ )  can  assume  only  one  point  or  position  in  the  two-dimensional 
parameter  space  upon  which  the  bank  of  filters  is  based.  It  is  reasonable  to  assume  the 
filters  based  on  parameter  values  nearest  this  point  would  have  the  smallest  residuals  (best 
state  estimates)  and  those  based  on  values  farther  away  would  have  larger  residuals 
(relatively  poorer  state  estimates).  The  filters  based  on  parameter  values  that  are  fartl^r 
away  can  be  "deactivated"  without  impact  on  the  final  state  estimate,  since  their 
probability  values  would  be  very  small.  Only  the  filters  based  upon  closer  point  values 
would  be  active,  which  would  result  in  the  reduction  of  the  computational  load.  In  a  2- 
space  such  as  this,  an  immediate  choice  of  the  number  of  filters  would  be  9  (3x3  block)  so 
that  the  point  defined  by  the  actual  parameters  would  be  surrounded.  As  the  parameters 
vary,  this  point  would  drift  (or  jump)  and  the  bank  would  have  to  be  made  to  move.  The 
filters  on  the  side(s)  farthest  from  the  drifting  point  would  be  deactivated  and  ones  nearest 
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Figure  1-5.  Full-Bank  MMAE 


the  new  position  would  be  activated.  This  smaUer  bank  would  then  "move"  by  dynamic 
redeclaration  of  the  active  filters,  atten:^)ting  to  maintain  itself  centered  within  a  threshold 
about  the  true  parameter  point.  This  concept  is  depicted  in  Figure  1-6.  In  this  case,  the 
parameter  position  drifted  diagonally,  requiring  that  two  sides  be  deactivated  and 
ledeclared.  This  figure  also  illustrates  what  will  be  referred  to  as  a  fine  discretization, 
where  the  active  filters'  parameter  points  ate  adjacent  to  each  other. 

A  coarse  discretization  might  be  required  should  the  parameter  position  be  totally 
unknown,  as  in  an  initial  acquisition  phase  or  in  the  instance  of  the  true  parameter  value 
jumping  by  a  large  discrete  amount.  This  is  illustrated  in  Figure  1-7.  Here  the  active 
Kalman  filters'  parameter  point  values  are  expanded  to  the  widest  positions  while 
maintaining  consistent  relative  spacing. 

In  this  research,  only  one  uncertain  parameter  will  be  addressed,  where  the 
resulting  parameter  space  will  be  one-dimensional,  as  illustrated  in  Figure  1-8  (page  1-13). 
The  full  bank  (all  filters  active  concurrently).  Figure  1-8(1),  still  would  be  computationally 
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Figure  1-6.  Moving  Bank  MMAE  Fine  Discretization 
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Figure  1-7.  Moving  Bank  MMAE  Coarse  Discretization 
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Figure  1-8.  One  dimensional  Moving  Bank  MMAE 


infeasible.  The  moving  bank  approach  is  presented  in  Figure  1-8  (2).  where  the  move 
logic  is  implemented  for  a  small  jump  in  the  parameter  value.  A  bank  expansion  for  a 
large  jump  is  presented  in  Figure  1-8  (3). 


There  are  S  methods  for  deciding  to  expand,  contract,  move,  or  not  move  the 
bank.  These  decision  making  techniques  are:  (1)  Residual  Monitoring,  (2)  Parameter 
Position  Estimate  Monitoring,  (3)  Parameter  Position  and  "Velocity"  Estimate 
Monitoring,  (4)  Probability  Monitoring,  and  (5)  Parameter  Estimation  Error  Covariance 
Monitoring  [30].  These  techniques  will  be  presented  in  Section  2.4. 


1.2.4  Moving-Bank  MMAC 

As  previously  mentioned,  this  thesis  will  utilize  the  LQG  controller.  For  this  type 
of  controller,  the  assumptions  are  that  the  system  is  adequately  modeled  as  Linear,  the 
cost  is  of  a  Quadratic  form,  and  the  noise  inputs  are  Gaussian.  Since  the  desire  is  to  quell 
the  vibration  in  the  structure,  which  is  equivalent  to  driving  all  the  states  to  zero  (except 
rigid  body  states  which  are  ignored),  a  Regulator  form  of  the  L(^  controller  will  be  used 
[26: 19].  It  is  shown  in  the  development  of  the  non-adaptive  LQG  controller  that  the 
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optimal  stochastic  ctmtroller  is  just  the  optimal  deterministic  full-state  feedback  LQ 
controller  with  the  actual  system  states  replaced  with  the  conditional  state  ftsHmafii; 
obtained  from  the  Kalman  filter.  This  is  referred  to  as  the  "certainty  equivalence  property" 
[26: 17].  This  property  is  readily  adaptable  to  the  MMAC  ^jplication  for  each  assumed 
parameter  value  ,  since  the  state  estimates  are  available  from  each  filter  as  discussed  in 
the  previous  section.  Using  such  a  structure  for  a  controller  when  there  are  uncertain 
parameter  values  is  a  form  of  "assumed  ceitainty  equivalence"  [14,26:253].  Thus,  each 
LQG  controller  is  based  on  one  discretized  parameter  position,  as  in  the  MMAE  filters.  In 
the  general  sense,  the  resulting  controller  gains  are  cascaded  from  each  of  the  state 
estimates  from  the  MMAE  and  combined  in  some  manner  (discussed  later)  to  form  the 
final  controller  output.  A  steady  state  constant-gain  control  law  can  be  obtained  if  the 
initial  transients  in  the  Kalman  filter  and  the  final  transients  in  the  deterministic  optimal 
controller  gain  are  assumed  to  be  negligible.  In  order  for  this  to  be  valid,  the  control 
application  interval  must  be  long  compared  to  the  two  transient  time  periods. 

There  are  six  methods  for  combining  the  MMAE  and  LQG  controller.  These  are: 
(1)  MMAC  Control,  (2)  "Modified"  MMAC  Control,  (3)  MAP  verses  Bayesian  MMAC 
Control,  (4)  Single  Fixed-Gain  Control,  (5)  Single  Changeable-Gain  Control,  and  (6) 
"Modified"  Single  Changeable-Gain  Control.  These  methods  will  be  presented  in  Section 
2.6.1. 

1.3  Past  Research 

Research  on  this  topic  was  initiated  by  Hentz  and  Maybeck  in  1984  [14,30]. 

Hentz  was  able  to  show  that  a  moving-bank  MMAE  performed  as  well  as  a  full-bank 
MMAE,  but  with  a  resulting  order  of  magnitude  less  computational  load  [  14].  Hentz 
began  development  of  the  algorithms  and  appropriate  thresholds  to  move,  expand  and 
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contract  the  bank.  Hentz  also  explored  many  of  the  controller  design  approaches 
discussed  in  the  previous  section. 

Filios'  major  contributions  were  the  insights  provided  by  the  use  of  ambiguity 
function  analysis  iq>plied  to  perfcmmance  evaluation  and  appn^riate  threshold  levels  for 
moving  and  contracting  the  bank  [7].  Unfcvtunately,  the  sin^)le  application  he  chose  to 
use  did  not  result  in  a  need  for  adaptive  control  [7:93]. 

The  first  to  utilize  the  physical  structure  displayed  in  Figure  1-4  was  Kamick 
[15,16].  He  used  a  6-state  truth  model  and  6-state  filter  model.  Kamick's  results  were 
not  very  promising  since  they  indicated  that  the  moving-bank  MMAE  was  never  able  to 
identify  the  uncertain  parameters,  even  though  it  was  sometimes  able  to  provide  accurate 
state  estimates  [15:93].  Kamick  found  that  the  moving  bank  wandered  randomly 
throughout  the  parameter  space  and  never  provided  a  consistent  parameter  estimate. 
Cmisequently,  the  final  results  indicated  that  a  coarsely  discretized  full-bank  MMAE  could 
perform  as  well  as  a  finely  discretized  moving-bank  MMAE  [15:92]. 

Lashlee  [18,19]  examined  the  difficulties  encountered  by  Kamick.  He  focused  on 
the  tuning  aspects  of  Kamick's  design,  which  includes  the  dynamics  noise  strength  and 
measurement  noise  covariance,  the  state  weighting  and  control  matrices  in  the 
deterministic  optimal  controller  synthesis,  and  the  parameter  space  discretization  process. 
Lashlee  demonstrated  that  it  is  essential  to  distinguish  strongly  between  a  good  and  a  bad 
model  in  order  to  move  the  bank  effectively.  Also,  there  is  a  lower  bound  on  the 
measurement  precision  that,  if  exceeded,  will  severely  hamper  the  moving-bank  ad^tation 
process.  As  a  result,  Lashlee  was  able  to  show  a  greater  performance  potential  for  the 
moving-bank  MMAE  with  more  precise  measurements,  a  properly  tuned  bank  of  filters, 
and  an  appropriately  discretized  parameter  space  [18: 199]. 
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Van  Der  Werken  [42]  expanded  the  truth  model  to  24  states  and  examined  the 
peiftvmance  degradation  between  this  and  the  6-state  filter  design  modeb  used  by  Kamick 
and  Lashlee  [42: 14].  Van  Der  Weiken's  results  indicated  that  the  moving-bank  MMAE 
could  not  adajH  and  i»ovide  good  estimates  of  state  and  parameter  position  if  initially 
offset  fiom  the  true  parameter  position.  Thus,  he  concluded  that  the  unmodeled  states  had 
a  significant  infract  cm  the  moving-bank  MMAE's  ability  to  provide  accurate  estimates 
[42:14] 

Schore  [31,37]  followed  Van  Der  Werken  but  focused  on  the  q>proi»iate 
dimension  for  the  reduced  order  model,  initially  assuming  Van  Der  Weiken's  conclusion 
about  the  unmodeled  states  was  correct.  Schore  developed  a  physically  motivated 
approach  to  evaluate  filter  perf(»maiice  which  investigated  the  reduced  order  filter's 
estimate  of  the  true  total  shi^  of  the  truss  rather  that  its  estimate  of  individual  bending 
mode  generalized  coordinates  [37].  After  corrK;ting  some  software  problems,  Schore  was 
able  to  demonstrate  that  the  performance  degradation  using  the  original  6-state  filter 
model  and  24-state  truth  model  was  negligible  [37]. 

Moyle  concentrated  on  improving  the  moving-bank  MMAE  and  control  algorithms 
[33].  Software  in^novements  resulted  in  substantial  improvements  in  the  baseline 
performance.  Likewise,  improved  tuning  of  the  Kalman  filters'  measurement  noises  and 
LQG  controllers'  weighting  matrices  resulted  in  better  state  estimates  and  actuator 
performance,  respectively  [33].  Moyle  had  the  best  success  with  the  ME/I,  parameter 
position  monitoring,  and  modified  MMAC  combination  (see  the  last  paragr^hs  in 
Sections  1.2.2  and  1.2.4),  achieving  performance  comparable  to  the  non-adt^tive 
artificially  informed  benchmark  [33].  Moyle  also  demonstrated  that  packing  the  assumed 
parameter  discrete  values  more  densely  at  higher  frequencies  for  the  parameter 
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discretizatioii  had  no  effect  in  uninx>ving  controller  performance  [33].  This  was  contrary 
to  the  results  obtained  by  Sheldon  in  his  research  on  this  topic  [38,39]. 

Gustafstm  was  the  first  to  inclement  the  entire  194-state  SPICE  version  2 
(SPICE-2)  system  model  as  the  truth  model  [1 1,12].  Gustafson  investigated  full-order 
controllers  and  reduced-order  controllers  olHained  by  two  methods,  internally  balanced 
reduction  and  modal  reduction.  Both  types  of  reduced-order  based  filter/controllers  fared 
poorly,  such  that  no  definite  choice  between  the  two  reduction  methods  could  be 
determined  [1 1].  Gustafson  did  have  success  with  a  fiili-order  controller,  which  led  to  the 
conclusion  that  the  moving-bank  MMAE/MMAC  algorithm  can  provide  stabilizing  control 
over  all  possible  values  of  the  uncertain  parameters,  yet  this  still  did  not  the  meet  RMS 
specifications  levied  by  Phillips  Laboratories  (the  sponsor  of  the  research).  He  felt  that  the 
failure  lay  in  the  physical  structure  and  not  in  tl^  MMAE  process,  and  that  in  order  to 
meet  specifications,  better  actuators  and  more  precise  measurement  devices  would  be 
necessary  [11].  Gustafson's  parameter  discretization  method  resulted  in  a  3  x  7  (^  and 
(0„ ,  respectively)  nonlinearly  discretized  optimal  parameter  space.  It  was  determined  that 
the  controller  was  insensitive  to  the  damping  ratio  to  the  degree  that  this  parameter  could 
possibly  be  deleted  as  an  uncertain  parameter  without  loss  of  performance.  The  best 
results  were  obtained  using  the  ME/I  technique  with  parameter  position  nK>nitoring. 

Since  the  parameter  space  was  so  small,  Gustafson  did  not  use  an  algorithm  to  expand  or 
contract  the  bank.  The  best  results  were  gained  by  using  a  single  nominal  value  for  ^  and 
allowing  the  bank  to  be  one-dimensional  in  the  Q),,  direction. 

1.4  Problem  Statement 

This  thesis  concentrates  on  applying  a  moving-bank  MMAE/MMAC  to  the 
SPICE-4  space  structure.  Previous  work  indicated  that  possible  physical,  actuator  and 
measurement  deficiencies  in  the  SPICE-2  model  led  to  unacceptable  controller 
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performance  for  controllers  based  on  reduced-order  designs  [11].  Full-order  controllers 
had  more  acceptable  performances,  yet  still  failed  to  meet  specifications.  The  updated 
version  4  is  anticipated  to  have  dealt  with  these  deficiencies  such  that  even  reduced-order 
controller  designs  will  meet  specification.  A  physical  description  of  the  system  will  be 
presented  in  Cluster  3.  It  will  be  vital  to  have  acceptable  performance  from  reduced- 
order  controUers  due  to  the  extreme  computational  burden  imposed  by  the  large  number 
of  system  state  encountered  in  this  problem. 

1.5  Scope 

The  focus  of  this  research  will  be  to  suppress  unwanted  vibrations  quickly  in  the  SPICE-4 
space  structure.  Unlike  the  example  system  used  in  initial  research  and  the  previous 
version  [1 1,15,18,33,37,42],  only  one  unknown  parameter  is  to  be  estimated,  namely,  the 
undamped  natural  fiequency  (the  same  scalar  multiplier  is  q>plied  to  all  modes'  frequencies 
[45]).  Research  will  begin  with  the  development  of  the  new  system  model  as  the  truth 
model  and  then  to  reduced-order  models  for  implementation  in  the  Kalman  filters,  LQG 
controllers,  and  MMAE/MMAC  algorithms.  Designs  and  performance  analyses  will  be 
developed  for  this  structure  using  the  software  developed  for  the  previous  version  as  a 
guide. 


1.6  Approach 

The  development  and  testing  of  the  MMAE/MMAC  for  the  total  structure  will 
encompass  8  steps  as  follows:  (1)  development  of  the  system  model  for  the  truth  model, 
(2)  development  of  reduced-order  models  for  in^lementation,  (3)  generation  of  Kalman 
filters  for  the  truth  and  reduced-order  models,  (4)  discretization  of  the  parameter  space, 
(5)  Bayesian  MMAE  development,  (6)  development  of  the  moving-bank  algorithm,  (7) 
development  of  the  stochastic  controller,  and  (8)  performance  evaluation. 
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Develop  the  system  model  for  the  truth  model.  As  in  the  case  of  the  Gustafson's 
models  fix)m  the  Phillips  Lab,  the  system  model  was  supplied  in  modal  fonn.  E>ecoupled 
modes  are  inherent  in  this  form  and  will  allow  easier  access  to  the  states  than  would  other 
forms.  The  SPICE-4  is  at  least  as  complicated  as  SPICE-2,  and  thus  requires  the  same 
large  order  of  truth  model  state  dimension  for  adequate  system  representation. 
Consequently,  a  reduced-order  truth  model  will  have  to  be  developed  and  validated  in 
order  to  make  it  computationally  feasible.  Gustafson  showed  this  can  be  accon:q)lished  by 
simply  throwing  out  the  higher  fipequency  modes  (subject  to  physical  insight)  [11].  This 
concept  is  presumed  still  to  be  applicable.  It  will  also  be  necessary  to  check  the 
reasonableness  of  the  truth  model  via  computer  simulation. 

Develop  reduced-order  models  for  implementation.  Further  state  reduction  will 
have  to  be  achieved  to  be  considered  for  actual  implementation  of  controller  algorithms. 
The  modal  reduction  and  the  internally  balanced  reduction  methods  used  in  previous 
research  will  be  utilized  in  attaining  the  desired  order  reduction.  Additionally  Skelton's 
Component  Cost  Analysis  technique  applied  to  order  reduction  will  also  be  investigated 
[40].  The  internally  balanced  reduction  was  not  very  successful  in  the  previous  woric  [11]. 
However,  this  is  inconsistent  with  similar  work  done  on  related  projects  [6],  so  this 
method  will  be  researched  further.  If  the  same  type  of  eigenvalue  groupings  is  seen  as  in 
previous  woric,  this  will  make  the  modal  reduction  technique  more  appealing.  This  is 
anticipated,  since  the  low  fiequency  bending  modes  of  the  tripod  structure  ought  to 
dominate  other  higher  frequency  modes  of  the  two  stiffer  platform  structures.  Several 
models  of  varying  order  reduction  may  have  to  be  developed. 

Generation  of  Kalman  filters  for  the  truth  and  reduced-order  models.  A  Kalman 
filter  will  be  developed  for  the  truth  model.  The  performance  of  all  other  reduced-order- 
model  filters  will  be  judged  against  the  performance  of  the  filter  based  on  the  truth  model. 
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It  will  be  important  to  "tune"  the  truth  model  properly.  The  values  selected  for 

(discrete  time  d3mamics  noise  covariance)  and  R  (measurement  noise  covariance)  will  be 
important.  Increasing  for  robusmess  may  eliminate  the  ability  of  the  ad^>tation 

process  within  the  multiple  model  filter  to  distinguish  between  the  discrete  parameter 
values  that  characterize  the  bending  modes.  There  was  an  q)parent  lower  bound  on  the 
measurement  precision  which  severely  hampered  ad^tation  in  the  SPICE-2  [1 1],  but 
hopefully  the  SPICE-4  will  yield  better  results.  Reduced  order  filters  will  then  be 
developed  and  tuned,  using  the  truth  model  as  the  basis  and  maintaining  the  same 

parameter  values.  Each  filter  will  be  tuned  by  the  Minimum  Variable  Reduced  Order 
(MVRO)  technique  [2S:2S].  Performance  analysis  will  then  be  performed,  comparing  the 
reduced-order  filters  and  controllers  against  the  truth  model. 

Discretization  of  the  parameter  space.  In  SPICE-2,  the  parameter  space  was 
initially  3  X  7  (3  scalar  multipliers  of  the  damping  ratio  ^  vs.  7  for  natural  frequency  a)„ ). 

Gustafson  showed  that  there  was  low  sensitivity  to  the  damping  ratio  [11].  The  natural 
frequency  appeared  to  have  the  most  impact.  As  such,  the  damping  ratio  as  a  variable 
parameter  will  be  deleted  while  the  scalar  multiplier  on  the  natural  frequency  will  be 
maintained.  Additionally,  this  multiplier  is  q)plied  to  all  of  the  flexible  bending  modes' 
frequencies  [45].  Subsequently,  it  will  be  necessary  to  determine  the  size  of  the  resulting 
one  dimensional  parameter  space.  To  accomplish  this,  the  one  parameter  (scalar 
multiplier)  is  varied  by  discrete  step  sizes  in  one  direction  and  successive  Monte  Carlo 
runs  made  until  the  Kalman  filter  becomes  unstable  (or  until  performance  degrades 
unacceptably  in  some  other  respect).  A  new  parameter  (scalar  multiplier)  is  then  declared 
at  this  point  (or  at  a  point  prior  to  the  onset  of  instability).  This  procedure  is  repeated 
using  the  new  parameter  as  the  nominal  until  the  parameter  space  is  complete.  The  actual 
size  or  "completeness"  is  arbitrary  but  based  on  physical  insight  and  a  need  to  keep  the 
size  reasonable  subject  to  the  goals  of  this  research. 


1-20 


1 


Bayesian  MMAE  Development.  The  Kalman  filters  for  the  truth  and  reduced- 
order  models  will  be  developed  for  each  discretized  parameter  value  in  the  parameter 
space.  Gustafson  implemented  the  maximum  entropy  with  identity  covariance  matrix 
(ME/I)  approach  to  determine  the  proper  probability  weigh dng  factors,  )  [11].  This 

method  will  be  re-examined  as  well  as  other  possibilities,  including  the  original  unaltered 
residual  covariance  MMAE  method.  These  methods  will  be  presented  in  Section  2.3.2. 
Artificially  lower  bounding  the  />*(/,  )’s  will  resolve  the  "lock-out"  condition,  also 

described  in  Section  2.3.2.. 

Development  of  the  moving-bank  algorithm.  Previous  work  indicates  that  the  best 
method  for  the  moving-bank  algorithm  is  the  parameter  position  method  [11].  Other 
methods  (residual  monitoring,  and  probability  monitoring)  will  be  re-examined.  Methods 
for  contracting  and  expanding  the  bank  wUl  be  examined.  Gustafson  did  not  actually  use 
contraction  and  expansion  due  to  the  size  of  his  parameter  space  [1 1].  This  possibility  will 
be  re-addressed  subject  to  the  resulting  parameter  space  for  this  research.  Performance 
analysis  will  be  conducted  for  the  cases  of  constant,  slowly  varying,  and  jump  parameter 
changes. 

Development  of  the  stochastic  controller.  L(^  techniques  will  be  implemented  in 
the  design  of  the  controller.  Past  research  indicated  the  cross  weighting  matrix  between 
states  and  controls  could  be  set  to  zero  with  no  appreciable  impact  [11].  Tuning  was 
accomplished  by  alternately  holding  the  control  weighting  matrix  or  state  weighting  matrix 
matrix  constant  and  increasing  the  other  until  the  rms  values  of  the  appropriate  states  (or 
controls)  stopped  decreasing  drastically  (see  Section  2.5  for  a  better  understanding  of 
these  matrices).  The  tuning  objectives  are  to  achieve  tight  control  of  the  bending  modes 
without  consistently  saturating  the  actuators.  Possible  controller  implementation 
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techniques  will  be  re-examined.  These  include  MMAC,  modified  MMAC,  MAP,  and 
others,  as  discussed  in  Section  2.6. 

Performance  evaluation.  Two  aspects  will  be  evaluated  via  computer  simulation 
in  determining  the  effectiveness  of  the  overall  design  approach  used  in  this  research.  The 
primary  objective  is  for  the  tracking  error  to  meet  the  specification  of  less  than  one  p- 
radian  ims.  The  secondary  objective  is  determining  the  accuracy  of  the  state  estimate,  x , 
and  the  uncertain  parameter  estimate,  a. 

1.7  Summary 

This  chapter  has  given  a  brief  overview  of  the  concepts  of  MMAE,  moving-bank  MMAE, 
and  MMAC.  The  simple  two-bay  truss  uoncture  was  introduced  to  facilitate  a  basic 
understanding  of  the  concept,  with  the  note  that  this  research  will  examine  a  much  more 
complex  system.  Next,  the  basic  operating  approaches  for  the  moving-bank  MMAE  and 
MMAC  were  discussed.  A  brief  synopsis  of  past  research  results  on  this  topic  was  then 
provided.  This  chapter  ended  with  a  statement  of  the  problem,  following  by  the  scope  that 
this  research  wiU  examine,  and  finally  the  general  approach  to  the  solution.  Chapter  2  will 
discuss  the  Kalman  filter  and  LQG  controller  algorithms  as  well  as  the  moving-bank 
decision  making  algorithms.  Chapter  3  will  introduce  and  develop  the  svstem  noodel  for 
the  actual  total  structure.  Chapter  4  will  discuss  the  software  required  and  subsequent 
simulations  necessary  to  investigate  the  system  performance.  Chiq)ter  5  will  present  the 
results  from  this  research,  after  which  Chapter  6  will  provide  conclusions  and 
recommendations  for  future  research. 
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11.  Background 

2.1  Introduction 

This  ch^ter  presents  the  development  of  the  Kalman  filter,  the  MMAE,  the 
moving-bank  MMAE,  and  the  LQG  controller  algorithms.  Also,  a  basic  discussion  of  the 
mathematical  modeling  techniques,  coordinate  forms,  and  order  reduction  used  in  this 
thesis  will  be  given.  This  presentation  will  continue  to  use  the  simplified  truss  model  of 
Section  1.2.1  as  an  example  system  when  needed.  The  basic  structure  of  the  algorithms 
will  not  change  when  applied  to  the  actual  system.  A  more  rigorous  development  of  many 
of  the  subjects  discussed  in  this  chapter  can  be  found  [24,25,26].  A  quick  review  of 
notation  usage  in  Section  1.1  may  be  advantageous  before  reading  this  chapter. 

2.2  Kalman  Filter 

A  Kalman  filter  is  an  "optimal  recursive  data  processing  algorithm"  that  can  be 
shown  to  be  optimal  by  essentially  any  standard,  given  the  appropriateness  of  several 
underlying  assumptions  [24].  These  assumptions  are  that  the  system  in  question  can  be 
adequately  modeled  as  linear  with  white,  Gaussian  system  and  measurement  noises. 
Additionally,  the  system  is  assumed  to  be  continuous  with  linear  sample-data 
measurements.  The  linear  stochastic  differential  system  model  upon  which  the  Kalman 
filter  is  based  is  formally  written  as: 

x(f)  =  F(f)x(f) + B(r)u(r)  -i-  G{t)w(t)  (2.1) 

where  x(-)  represents  an  n-dimensional  state  vector,  u(’)  is  an  r-dimensional 
deterministic  control  input  vector,  w(’)  is  an  5-dimensional  white  Gaussian  noise  vector. 
F(‘)  is  an  n-by-n  dimensional  system  dynamics  matrix,  B(  )  is  an  n-hy-r  dimensional 
deterministic  input  matrix,  and  G(*)  is  an  n-by-5  dimensional  noise  input  matrix 
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The  statistics  of  the  white  Gaussian  noise  are  given  by: 


£{"(>)} -0 

(2.2) 

£{w(»)w(/’)''}  =  Q(()8(»-(’) 

(2.3) 

where  Q(t)  is  an  s-hy-s  dimensional  positive,  semi-definite  matrix,  and  indicates  the 
strength  of  the  dynamics  driving  noise.  S(*)  is  the  Dirac  delta  function. 

Based  on  the  assumptions  stated  previously,  the  state  vector,  x(  ),  is  a  Gaussian 
random  vector  and  can  be  con^letely  described  by  its  mean  and  covariance.  Since  the 
system  model  is  defined  as  a  differential  equation,  it  is  necessary  to  determine  the  initial 
conditions  for  both  the  mean  and  covariance.  The  initial  mean,  or  best  guess  of  the 
state's  initial  conditions  is  given  by: 

£{x(/„)}  =  i.  (2.4) 

The  initial  covariance  matrix,  P^,  describes  the  level  of  confidence  in  the  initial  state 
estimate.  This  matrix  is  given  by: 

^{[x(^o)-Xo][x(to)-Xtff  }  =  Po  (2.5) 

Although  the  physical  system  is  described  by  a  continuous  model,  it  is  desirable  to 
discretize  the  Kalman  filter  dynamics  model  so  that  it  can  be  implemented  on  a  digital 
computer.  It  is  inherently  better  first  to  discretize  the  continuous-time  system  model  and 
then  develop  the  discrete  filter,  as  opposed  to  discretizing  a  previously  developed 
continuous-time  filter.  This  procedure  involves  no  {q)proximations  and  no  Riccati 
differential  equation  integrations  [24:261].  The  discretized  system  model  upon  which  the 
Kalman  filter  is  based  is  given  by: 

x(r,.)  =  (2.6) 

where  O(')  is  the  solution  to: 

=  (2-7) 
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with  the  initial  condition: 


=  I  (2.8) 

This  can  be  simplified  further  by  assuming  a  time  invariant  F-matiix  and  using  Laplace 
transform  techniques  to  generate  the  solution  as  foUows: 

-<,-,)  =  ^'{[^I-Fr}L  ,  ,  (2-9) 

Similar  ^ ,  if  u(  )  is  held  constant  over  one  sample  period,  the  deterministic  matrix 
of  Equation  (2.6)  is  given  by: 

Brfa,-y)=r  (2.10) 

The  statistics  of  the  discrete-time  white  Gaussian  system  dynamics  driving  noise  are  given 
by: 

=  »  (2)1) 

=  Qj('.-<)8(,.n;  (2.12) 

where  5(,_7)y  is  now  the  Kronecker  delta  function.  Q^(*)  is  given  by: 

=  (2.13) 

where  Equation  (2.6)  is  modified  such  that  =  I  if  Equation  (2.13)  is  used  to  evaluate 
Q^.  The  discrete-time  measurement  update  model  is  defined  as: 

z(t, )  =  H(t,.  )x(t, )  -I-  v(r, )  (2. 14) 

where  z(')  is  an  m-dimensional  discrete-time  measurement  vector,  H(‘)>  is  an  m-by-n 
dimensional  output  matrix,  and  v(-)  is  an  m-dimensional  noise  vector  representing  the 
uncertainty  inherent  in  the  measurement  device.  This  noise  vector  is  modeled  by  white. 
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(2.15) 


Gaussian  noise  with  statistics  given  by: 

£{v(»,)}  =  0 

£{v(t,)v(t;f}  =  R((,)8,  (2.16) 

where  R(/,  )  is  an  m-by-m  dimensional,  positive  definite  symmetric  matrix  and  5^  is  the 
Kronecker  delta  function.  Additionally,  this  model  generation  assumes  that  the  noise 
w(  )and  v(-)  are  uncorrelated  [24:205]. 

One  complete  cycle  of  the  Kalman  filter  sequence  proceeds  first  with  a 
propagation  segment,  then  an  update  segment.  In  the  propagation  segment,  the  state 
estimate  after  the  most  recent  measurement  update  at  time,  is  propagated  forward  to 
just  prior  to  the  next  measurement  update  time,  rf.  The  superscript denotes  the  state 
Just  prior  to  a  measurement  update  whereas  a  V  denotes  the  state  after  a  measurement  is 
incorporated.  The  propagation  equations  are  given  by: 

«(t,-  )  =  <!>(», )Ht*, ) + B,  (l,.,)n(»w)  (217) 

P(», -)  =  «((„/, (2.18) 

where  =  I ,  as  explained  below  Equation  (2. 13).  At  the  end  of  the  propagation 

segment,  the  update  segment  consists  of  incorporating  the  sample  data  measurement  to 
form  the  best  state  estinuite  at  time,  t*.  The  update  equations  are  given  by: 


K(J,)  =  P(fr)H^/,)[H(»,)P(»r)HT(r,)+R(J,)]'‘ 

(2.19) 

i(r;)  =  *(»,-) +K(«,)[i(i,)-H((,)i{i,-)] 

(2.20) 

P«r)  =  P(»r)-K(r,)H(»,)P((,-) 

(2.21) 

where  z(-)  is  the  measurement  to  be  incorporated  at  time  tj .  The  residual  equation  is 
given  by: 


(2.22) 


where  r(')  is  termed  the  residual  (or  innovation)  and  can  be  seen  to  equal  the  term 
between  the  brackets  in  Equation  (2.20)  [24:228].  This  residual  is  defmed  as  the 
difference  between  the  current  sample  data  OMasurement  and  the  best  estimate  of  that 
measurement  based  on  all  the  past  measurements.  This  last  statement  may  not  be  easily 
seen,  yet  through  the  residual  process,  the  state  estimate  incorporates  or  "remembers"  the 
entire  past  history  of  measurements.  This  concept  is  one  of  the  Bayesian  fundamentals 
from  which  the  Kalman  filter  is  developed. 

Given  that  the  described  system  is  time  invariant  with  stationary  noises,  the  typical 
Kalman  filter  response  goes  through  an  initial  transient  stage,  followed  by  a  steady-state 
stage  [24:224].  If  the  initial  transient  stage  is  short  enough  or  if  ignoring  that  transient 
yields  a  negligible  performance  degradation,  then  a  steady-state  constant-gain 
approximation  is  justified.  In  this  case,  the  values  for  K(t, ) ,  P(t~ ) ,  and  P(r,^ )  in  the 
previous  equations  can  be  taken  to  steady  state  and  precomputed  for  all  time.  With  the 
stationary  noise  assumption  and  a  fixed  sample  rate,  constant  values  for  the  B ^ (f, ),  and 
{t^ )  matrices  respectively  need  only  be  precomputed  once.  Additionally,  the 
measurement  noise  covariance  matrix,  R(f,  ),  will  be  assumed  constant. 

The  development  of  the  system  mottel  matrices  and  vectors  (as  appropriate),  x(  ), 
F(  ),  0(-,  ),  Bj(),  u(  ),  Q^(  ),  G^(  ),  z(-),  H(-).  and  v(')  will  be  discussed  in  Chapter 
3.  In  all  of  the  previous  equations,  the  only  variables  left  undetermined  by  the  system 
model,  measurement  inputs,  or  computations  are  Xg,  P^,,  R(’).  and  Q^(*).  The  iterative 
proper  selection  of  values  to  fill  these  matrices  is  referred  to  as  "tuning"  and  will  be 
discussed  in  Chq)ter  4. 

2.3  MMAE 

The  basic  concept  of  the  MMAE  was  introduced  in  Chapter  1 .  The  actual  MMAE 
algorithm  is  based  on  the  properties  of  conditional  probability  densities,  from  a  Bayesian 
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viewpoint.  This  concept  will  be  presented  in  this  section.  A  more  rigorous  discussion  of 
the  subject  can  be  found  [25:129-139]. 

2.3.1  Bayesian  Formulation 

A  Kalman  filter  is  most  precise  when  the  system  model  matrices  described  in  the 
previous  section  ate  known  exactly.  However,  an  uncertain  parameter,  a,  with  scalar 
components  that  affect  one  or  mote  of  the  matrices,  may  cause  a  subsequent  loss  of 
precision  in  the  state  estimation.  As  discussed  in  Chapter  1,  a  may  be  defined  over  a 
continuous  range;  thus  an  infinite  number  of  Kalman  filters  would  be  required,  each  based 
on  a  specific  realization  a  =  a  in  this  range.  The  infeasibility  of  this  result  dictates  that 
the  continuous  range  be  discretized  such  that  the  parameter  a  will  take  on  a  reasonable  set 

of  values  a;,a2) . ^aj^,  where  K  is  the  total  number  of  Kalman  filters.  For  the  exan^>le 

system  described  in  Chapter  1,  the  parameter  space  was  2-dimensional,  with  10  discrete 
values  for  each  scalar  parameter,  resulting  in  100  Kalman  filters.  The  actual  discretization 
process  will  be  discussed  in  Chapter  4. 

Since  the  basic  Kalman  filter  is  developed  from  the  Bayesian  conditional 
probability  density  of  the  state,  X,  conditioned  on  the  measurement  history,  Z  (where 
Z(t,)  =  from  Equation  (2.14)),  a  logical  choice  for  a  Bayesian 

estimator  in  the  case  of  uncertain  parameters  would  be  to  add  a  to  the  left  of  the 
conditioning  argument  and  develop  the  conditional  density  of  all  quantities  to  be 
estimated,  conditioned  on  all  measurements  up  to  and  including  time  r,,  as  follows: 

/*(f,).*IZ(»j)(^*®l^/)  ~ /*(f,)l«.Z(»()(^l®»  ^i)./*JZ(f()(®l^i)  (2.23) 

The  first  term  on  the  right  is  nothing  more  than  the  Gaussian  density  function  totally 
defined  by  the  outputs  k(t* )  and  )  of  the  Kalman  filter  generated  where  a  assumes  a 
specific  realization  a  (i.e.  a  =  a).  The  second  term  can  be  described  by  the  following 
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equation: 


/.iz(».)(a|Z.)=XP*(^i)S(a-at)  (2.24) 

kmj 

where  Pii  itj )  is  the  hypothesis  condititmal  probability  (sometimes  referred  to  as  a 
weighting  factor)  that  was  introduced  in  Ch^)ter  1,  where  />«(/,)  == 
prob(a  =  a;(|Z(t,  )  =  Z,  ).  This  probability  is  determined  by: 


n  (t\-  Pkih-l) 


(2.25) 


where  the  first  term  in  the  numerator  is  the  {ffobability  density  function  of  the  current 
measurement,  conditioned  on  the  particular  assumed  parameter  value  and  the  observed 
past  measurement  history.  This  density  function  is  determined  by: 


—  _  1  expf} 

(2«)’|A.(»,f 

W  =  {-7r7(^i)A;‘(^,)r*(r,)}  (2.26) 

where 

r*(/.)  =  [z(/,)-H*(/,)it(/r)] 
and 

A*(f,)  =  [H*(r,)P*(fr)Hj(r,)+ R*(f,)] 

and  x^(t~ ),  are  quantities  in  the  k-ih  Kalman  filter,  which  is 

based  on  the  assumption  that  a  ~  a^^.  Since  the  second  term  in  Equation  (2.25)  is  the 
previous  value  of  the  hypothesis  conditional  probability,  this  equation  constitutes  an 
iterative  solution.  The  denominator  is  the  sum  of  the  numerator  terms  firom  all  K  filters  at 
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time  ti .  This  can  be  considered  a  scaling  factor  that  ensures  the  sum  of  all  the  individual 
conditional  probabilities  will  equal  one. 

The  resulting  conditional  mean  state  estimate  from  the  preceding  development  is 
given  by: 

x(»')  =  £{x(«,)|Z(»,)  =  Zi} 

=  ix,(/’)R((,)  (2.27) 

M 

where  each  of  the  Kalman  filter  state  estimi^s,  based  on  the  parameter  is 

multiplied  by  its  computed  weighting  factor  (the  hypothesis  crHulitional  probability, 

and  summed  to  create  a  weighted  average  final  state  estimate.  The  filter  structure 

based  on  this  development  has  already  been  depicted  in  Figure  1-1 . 

The  resulting  condititmal  covariance  is  similar  in  structure  to  Equation  (2.27)  as 
seen  by  the  following  equation: 

p(»;) = £|[x(»,)-x((;)|x(/,)-x(»;)f  |z((,) = zj 

= ift(o{p.(»;)+[i.(<r)-i(<r)li.(«;)-ior)r}  (2-28) 

where  (t*  )  is  the  state  error  covariance  from  the  Kalman  filter  based  on  the  parameter 
value,  8;^.  Unlike  the  individual  Pt(t/’)  values,  the  can't  be  precomputed  due  to  its 
dependency  on  the  measurement  history  through  x(t*),  andp*(t,).  Fortunately, 

this  computation  is  not  necessary  for  on-line  use. 

It  will  be  useful  to  compute  the  conditional  mean  value  for  the  parameter  a  at  any 


given  time,  and  this  is  given  by  the  following: 

i((i)  =  £{a(»i)|Z(t,)  =  Z,} 

=  (2-29) 

kmj 

The  corresponding  covariance  indicates  the  level  of  jnecision  in  the  estimate  of 
the  parameter: 

P,  =  £{[«-«(», )]>(», )  =  Z,} 

=  i[».  (2-30) 

k*I 

It  may  be  useful  to  calculate  the  parameter  estimate  and  covariance,  but  this  is  not 
necessary  in  determining  the  state  estimate. 

2.3.2  Peifomumce  Evaluation  and  Enhancements 

There  are  a  few  inherent  problems  in  tl^  preceding  Bayesian  formulation.  This 
section  will  address  these  specifically  and  offer  potential  solutions.  Additionally,  alternate 
methods  for  computing  the  final  state  estimate  wiU  be  addressed. 

The  residuals  of  each  of  the  elemental  filters  provide  an  indication  of  filter 
performance.  The  filter  based  on  the  most  correct  parameter  value,  should  output  the 
smallest  residual  magnitude  (scaled  relative  to  the  filter  computed  residual  covariance, 

Aji).  In  this  case.  Equation  (2.26)  would  provide  the  corresponding  highest  conditional 
density  value  and  Equation  (2.25)  would  subsequently  provide  the  largest  probability 
value  for  this  "best"  filter.  However,  if  all  the  quadratic  terms  in  the  exponential  portion 
of  Equation  (2.26)  from  each  of  the  active  filters  are  of  the  same  relative  magnitude,  then 
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the  filter  with  the  smallest  |  Aj^  (/,  )|  term  will  have  the  largest  probability  assigned  to  it. 

This  can  be  seen  by  recognizing  the  inverse  relationship  of  | (r,  )|  in  the  pre-multiplier  of 
the  exponent  in  Equation  (2.26).  This  particular  filter  may  or  may  not  be  iq)propriately 
weighted.  If  this  filter  has  an  erroneously  high  probability  attached  to  it,  the  resulting  final 
state  estimate  will  be  degraded. 

Four  methods  can  be  tq)plied  in  the  evaluation  of  the  final  state  estimate.  The  first 
method  is  the  Bayesian  MMAE  form  described  in  the  i»eceding  developments  which  has 
the  potential  problem  noted  in  the  previous  paragraph. 

The  second  method.  Maximum  A  Posteriori,  (MAP),  makes  the  assumption  that 
the  filter  state  estimate  with  the  highest  probability  will  be  declared  the  final  state 
estimate.  This  method  does  not  provide  for  a  "blending"  of  estimates  fiom  each  of  the 
elemental  filters,  as  would  the  probability-weighted  average  estimate  computations  of 
Equations  (2.27)  and  (2.29).  Additionally,  this  method  still  suffers  from  the  same  problem 
as  the  first  method. 

The  third  method.  Maximum  Entropy  with  Identity  Covariance  (ME/I)  density 
con:q)utation,  assumes  that  the  residuals  are  Gaussian  with  a  covariance  equal  to  the 
identity  matrix  and  follow  a  "maximally  non-committed  residual  distribution"  [38:24]. 

This  method  attempts  to  account  for  the  possibly  erroneous  affects  of  the  |A|i  (f,  )|  term  in 
the  pre-multiplier  and  the  exponentiated  quadratic,  as  well  as  for  an  incorrectly  evaluated 
Aj(  value  due  to  model  uncertainties,  by  setting  A|i(/,  )  equal  to  the  identity  matrix  in  both 
locations.  This  results  in  the  following  equation  replacing  Equation  (2.26)  in  the  Bayesian 
method  above; 


/.(,^az(,.;)(z.|at»Z,w)  =  ^-expH 


{•}  =  {-7r7(^<)Ir*(/i)} 


(2.31) 


2-10 


This  method  insures  that  the  filter  with  the  residual  with  the  lowest  (absolute  vs.  relative) 
magnitude  is  correctly  given  the  highest  probability. 

The  fourth  technique,  MAP  with  ME/I,  incorporates  the  MAP  form  with  the  ME/I 
density  computation. 

There  is  a  subtle  problem  with  Equation  (2.25).  Since  this  is  an  iterative  equation 
(the  new  value  is  multiplied  by  the  old  value  in  the  numerator),  should  the  conditional 
probability,  become  zero  at  any  time,  it  will  remain  at  zero  from  that  time  forth. 

This  condition  is  termed  "lockout".  Thus,  even  if  the  elemental  filter  based  parameter 
value,  ,  were  to  match  the  real  value  closely,  which  would  also  in^ly  a  precise  state 
estimate,  its  contribution  to  the  weighted  average  would  be  zero.  The  fUter-con[q>uted 
for  the  "correct"  elemental  filter  would  continue  "blithely"  at  zero  unaffected  by  the  real 
world. 

There  are  two  proposed  solutions  to  this  problem.  An  ad  hoc  method  for 
resolving  this  situation  is  to  add  a  lower  bound  artificially  to  the  probability  calculation, 
which  would  eliminate  the  possibility  of  it  ever  going  to  zero.  A  threshold,  p^ ,  is 
determined  such  that  if  the  computed  hypothesis  conditional  probability,  PkiU),  should 
fall  below  this  lower  bound,  then  Pf^  (r, )  is  set  to  a  minimum  value  and  the  remaining 
probabilities  are  rescaled  to  maintain  the  summation  equal  to  one.  The  second  method 
would  be  to  add  more  process  pseudonoise  to  the  system  dynamics  models,  but  this  may 
contribute  to  masking  the  parameter  discretization  that  sets  each  filter  apart  from  each 
other,  inc^>acitating  the  adaptive  process.  Using  this  method  would  require  that  filter 
tuning  would  have  to  proceed  in  conjunction  with  parameter  discretization  with  the 
possibility  of  not  attaining  a  viable  solution.  In  any  case,  the  solution  process  would  be 
difficult  and  time  consuming.  The  first  technique  has  been  the  method  of  choice  for  past 
research  and  will  be  continued  in  this  research  [1 1,14,15,18,33,37,42].  A  third  proposed 
solution,  that  of  defining  a  Markov  process  model  for  transitioning  Pf^  values  from  one 
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sample  time  to  the  next  will  similarly  not  be  pursued,  in  i»eference  of  artificial  lower 
bounds  [36]. 

2.4  Moving-Bank  MMAE  Development 

In  the  preceding  developments,  a  fiill-bank  algorithm  was  alluded  to,  whereby  one 
Kalman  filter  is  required  for  every  discrete  parameter  value.  However,  as  stated  in 
Chapter  1,  even  with  a  discretized  parameter  space,  the  resulting  load  from  the  elemental 
filters  may  well  be  computationally  burdensome  in  a  full-bank  algorithm.  TIm  solution 
proposed  is  to  implement  a  moving  bank  of  filters.  Only  a  subset  of  the  full  bank,  J  filters 
(where  7<K)>  is  active  at  any  one  time.  In  the  exanq)le  problem,  J  was  equal  to  nine 
filters.  Given  the  one-dimensional  bank  in  this  research,  J  is  equal  to  three.  This 
technique  was  originally  investigated  by  Maybeck  and  Hentz  [30].  This  section  will 
discuss  techniques  for  moving  the  bank,  expanding  the  bank,  contracting  the  bank,  and 
initializing  new  filters. 

2.4.1  Moving  the  Bank 

The  moving-bank  MMAE  allows  for  dynamic  redeclaration  of  the  subset  of  J 
filters,  in  order  to  surround  the  best  estimate  of  the  uncertain  parameter,  a ,  with  the  filters 
based  on  the  closest  parameter  values.  However,  the  paranoeter  value  may  not  be  known  a 
priori  or  may  arbitrarily  change  for  reasons  discussed  in  Chapter  1 .  If  the  parameter 
estimate  is  determined  to  be  outside  the  bounds  of  the  current  bank  by  a  pre-determined 
threshold  condition  (to  be  discussed  later  in  this  section),  then  the  bank  is  moved  in  the 
direction  of  the  parameter  estimate.  This  move  can  be  accomplished  in  a  finely  discretized 
marmer  should  the  parameter  drift  slightly  (as  depicted  previously  in  Figure  1-6)  or  in  a 
coarsely  discretized  manner  should  the  parameter  make  a  large  discrete  jump  (as  depicted 
previously  in  Figure  1-7).  There  are  4  methods  proposed  for  implementing  the  move 
logic.  These  methods  ate:  (1)  Residual  Monitoring,  (2)  Parameter  Position  Estimate 
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Monitoring,  (3)  Parameter  Position  and  "Velocity"  Estimate  Monitoring,  and 

(4)  Probability  Monitoring  [30].  In  any  case,  it  will  be  necessary  to  determine  the  specific 

threshold  values  empirically  which  is  analogous  to  filter  "tuning". 

2.4.1. 1  Residual  Monitoring 

This  method  is  formed  on  the  basis  of  the  likelihood  quotient,  Lj  (/, ).  This 
calculation  is  defined  as: 

Lj(0  =  rJiOAjit.rvjit,)  (2.32) 

and  can  be  seen  to  be  the  major  contributor  to  the  exponential  term  in  Equation  (2.26). 
The  decision  to  move  the  bank  is  based  on  the  value  of  this  scalar  quadratic  function.  The 
smaller  the  value  (assumed  as  the  result  of  snoaller  residuals),  the  closer  the  filter-based 
parameter  value  is  to  the  actual  parameter  position.  Likewise,  the  larger  the  value 
(assumed  as  the  result  of  larger  residuals),  the  further  the  fiilter  based  parameter  value  is 
from  the  actual  parameter.  The  threshold  for  the  likelihood  quotient  is  determined  such 
that,  if  all  the  filters  quotients  are  above  this  value,  then  this  is  an  indication  that  the  true 
parameter  has  moved  from  within  the  confines  of  the  smaller  bank.  The  decision  to  move 
the  bank  in  the  direction  of  the  filter  with  the  smallest  likelihood  value  is  then  made.  Past 
research  has  shown  that  determining  this  threshold  is  crucial  to  desired  performance 
[14:61].  Setting  the  threshold  value  too  high  will  result  in  move  logic  that  is  too  slow  in 
responding  to  parameter  changes.  Setting  the  threshold  too  low  will  result  in  move  logic 
that  drives  the  moving  bank  erratically  throughout  the  parameter  space  and  fails  to 
maintain  a  precise  state  or  parameter  estimation.  An  inherent  problem  in  this  technique  is 
that  it  is  susceptible  to  single  large  measurement  noise  samples  which  may  cause 
unnecessary  movement  [30: 1876],  This  can  be  seen  since  Lj  (tj )  is  a  function  of  only  the 
one  most  recent  sample  of  measurement  residual  (tj ) ,  rather  than  a  history  of  recent 
residuals. 
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2.4.1. 2  Parameter  Position  Estimate  Monitoring 

The  method  operates  by  keeping  the  moving  bank  centered  over  the  estimate  of 
the  true  parameter  position  determined  by  Equation  (2.29).  This  position  estimate  is 
compared  with  the  location  of  the  center  of  the  moving  bank.  If  the  difference  is  above  a 
set  threshold,  then  the  decision  is  made  to  move  the  bank  in  an  attempt  to  re-center  the 
bank  over  the  estimated  position.  Unlike  the  previous  method,  this  technique  is  based  on 
the  entire  measurement  history  and  not  just  the  current  one.  As  a  result,  it  is  less 
susceptible  to  erroneous  decisions  from  single  large  measurement  noise  samples 
[30: 1879].  The  decision  process  must  be  altered  slightly  to  account  for  the  possibility  of 
the  parameter  estimate  to  be  located  at  the  edge  of  the  Kalman  filter  based  parameter 
space.  The  bank  would  not  be  able  to  surround  the  estimate  as  desired  and  so  the  best 
that  can  be  accomplished  is  to  center  the  side  of  the  bank. 

2.4. 1.3  Parameter  Position  and  ''Velocity*'  Estimate  Monitoring 

An  extension  of  the  previous  technique,  this  method  attempts  to  track  the 
"velocity"  of  the  drifting  parameter.  It  may  then  be  possible  to  predict  the  location  of  the 
parameter  position  at  the  next  measurement  san^le  time..  The  velocity  is  determined  by 
comparing  the  history  of  parameter  position  estimates  over  one  sample  period  or  several 
and  dividing  by  the  appropriate  time  increment.  The  decision  to  move  is  made  if  the 
predicted  position  exceeds  a  threshold  as  compared  to  the  current  center  of  the  moving 
bank.  The  bank  is  then  moved  in  the  direction  of  the  estimated  parameter  velocity  vector. 
Hentz  found  that,  in  his  woric,  this  technique  resulted  in  no  improvement  in  the  speed  to 
acquire  the  proper  estimate  while  exhibiting  a  destabilizing  affect  on  the  bank's  position 
[14:62]. 
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2.4.1.4  Probability  Monitoring 

Similar  in  nature  to  the  first  method,  this  technique  attempts  to  center  the  bank 
over  the  estimated  position  based  on  the  conditional  probabilities  as  determined  in 
Equation  (2.2S).  The  )  ^  highest  value  is  assumed  to  correspond  to  the  filter 

based  on  the  parameter  value  closest  to  the  true  parameter  value.  If  this  probability  is 
larger  than  a  pie-determined  threshold,  the  bank  will  move  in  the  direction  of  the  filter 
with  the  highest  probability.  As  in  position  monitoring,  this  technique  is  dependent  on  the 
history  of  measurements  and  is  not  as  susceptible  to  single  large  measurement  saiiq}les  as 
is  the  residual  monitoring  technique. 

2.4.2  Expanding  the  Bank 

Normally  the  moving  bank  of  filters  would  move  in  a  fine  discretization  of  the 
parameter  space,  but  expanding  the  bank  to  a  coarse  discretization  may  be  required  in  two 
situations.  The  first  occurs  when  the  true  parameter  makes  a  discrete  jump  to  a  new 
location.  The  second  is  during  initial  acquisition.  In  both  situations,  the  true  parameter 
position  may  exist  far  from  within  the  bounds  of  a  small  bank  based  on  a  fine 
discretization,  such  that  the  bank  would  not  be  able  to  determine  the  direction  to  move. 
(Recall  Figures  1-6  and  1-7.)  Utilizing  a  cotuse  discretization  configuration  that 
encompassed  the  entire  parameter  space  ensures  that  the  parameter  position  lies  within  the 
bounds  of  the  bank,  although  the  parameter  and  state  estimate  resolution  may  suffer  due 
to  coarse  discretization. 

The  bank  may  be  originally  configured  in  a  coarse  discretization  for  the  initial 
acquisition  or  expanded  fix>m  a  fine  to  a  coarse  discretization  for  a  jump  change.  By  using 
this  coarse  configuration  for  initialization  of  the  bank,  Maybeck  and  Hentz  determined  that 
there  was  substantial  improvement  in  parameter  estimation  [30].  Expanding  the  bank 
requires  the  use  of  the  residual  monitoring  technique  since  the  other  techniques  don't 
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provide  the  necessary  information  to  make  this  determination  (these  other  techniques  rely 
on  a ,  which,  due  to  its  very  computation  via  Equation  (2-29),  is  confined  within  the  finely 
discretized  bank).  Similar  to  the  residual  monitoring  move  logic  discussed  in  Section 
2.4.1. 1,  a  higher  threshold  can  be  determined  such  that,  if  this  value  is  exceeded  by  all  the 
filters,  then  this  indicates  the  parameter  position  has  made  a  much  larger  jump,  hence  an 
expansion  to  a  coarse  level  of  discretization  is  appropriate. 

There  are  some  drawbacks  with  this  method.  As  before,  the  same  problem  with 
erroneous  expansion  due  to  a  single  large  sample  of  measurement  noise  exists  due  to  its 
dependence  on  single  sample  periods.  Additionally,  Hentz  found  that  if  the  expansion 
threshold  was  set  too  high,  the  response  time  was  too  slow.  Likewise,  if  the  threshold 
was  set  too  low,  the  bank  would  expand  unnecessarily  [14:69]. 

2.4.3  Contracting  the  Bank 

Contracting  the  coarsely  configure  bank  will  be  necessary  following  either  initial 
acquisition  or  previous  expansion  due  to  a  jump  parameter  change.  In  both  cases,  the 
bank  is  contracted  to  surround  the  true  parameter  with  a  fine  configuration  based  on  a  set 
criteria  for  determining  the  "goodness"  of  the  parameter  estimate,  a .  This  decision  is 
determined  using  the  Parameter  Estimation  Error  Covariance  Monitoring  technique. 
When  the  covariance  of  the  parameter  estimate  (as  determined  in  Equation  (2.30))  falls 
below  a  set  threshold,  the  bank  can  be  contracted  down  to  a  fine  configuration  about  the 
parameter  estimate.  This  contraction  can  occur  in  one  large  step  or  multiple  steps, 
dependent  on  the  size  of  the  parameter  space  and  the  level  of  coarse  discretization.  It  is 
desirable  to  have  the  contraction  occur  quickly  to  enhance  the  parameter  estimation. 
However,  Hentz  found  that  if  the  threshold  was  set  too  high,  contraction  would  occur 
before  a  good  parameter  estimate  was  obtained.  Likewise,  setting  the  threshold  too  low 
delayed  proper  contraction  [14:69].  Gustafson  found  that  expansion  and  contraction  in 
general  was  unnecessary  due  to  the  small  relative  size  of  his  resulting  parameter  space 
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[11].  However,  his  parameter  space  was  merely  a  subset  of  a  possibly  much  larger 
physically  realistic  set. 

If  the  parameter  space  is  higher  dimensional,  a  problem  occurs  with  the  above 
procedure.  (Since  this  research  will  only  have  a  one-dimensional  bank,  the  following  is 
not  directly  applicable,  but  is  included  for  completeness.)  In  the  example  problem,  having 
a  two-by  two  covariance  matrix  caused  problems  in  comparing  P|  with  a  single  scalar 
threshold.  Hentz  compared  the  largest  diagonal  element  in  the  matrix  with  the  threshold, 
whereas  Filios  had  better  results  by  requiring  both  diagonal  elements  to  be  below  the 
threshold  [7,14].  Unfortunately,  this  method  has  tradeoffs  since  the  appropriate  threshold 
for  each  diagonal  element  might  be  different.  Better  performance  may  be  gained  by 
allowing  separate  decisions  in  each  of  the  parameter  space  directions,  which  may  lead  to 
rectangular  bank  shapes  as  well  as  square. 

Kamick  proposed  a  different  method.  His  technique  monitored  the  probability  of 
an  entire  side  of  the  bank  as  defined  in  the  following  equation: 


-  ^  'Lsuu 


(2.33) 


If  this  probability  fell  below  the  threshold,  that  particular  side  was  contracted  towards  the 
parameter  estimate.  Likewise,  if  the  probability  of  a  side  should  rise  above  another 
threshold,  then  the  other  sides  were  contracted  towards  the  parameter  estimate  [15:29]. 
Another  variation  monitored  all  four  sides  such  that  if  the  sum  of  these  probabilities  fell 
below  a  threshold,  the  bank  was  contracted. 


2.4.4  InUiaUzation  of  New  Elemental  Filters 

In  order  to  redeclare  new  elemental  filters  dynamically  as  a  result  of  bank 
movement,  many  changes  must  occur.  First,  B^,  G^,  H,  A,  D,  K ,  P(rj~ )  and 
Viti  )  for  the  filter  and  G*  for  the  controller  (to  be  discussed  in  the  next  section)  must 
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be  modified  to  correspond  to  the  new  parameter  value.  These  matrices  ate  updated  from 
information  stored  in  memory  that  corresponds  to  the  new  parameter  value.  The  matrix, 
D,  is  a  direct  feedthrough  matrix  that  results  from  the  reduced  order  model  development 
and  will  be  discussed  in  Chapter  3.  Second,  an  appropriate  state  estimate,  Xj  (t, ),  and 
probability  weight,  pj  (t, ),  must  be  initialized  in  the  new  filter.  The  state  estimate,  Xjit^), 
is  set  equal  to  the  current  adaptive  state  estimate,  x(f.).  There  are  several  methods 
proposed  to  initialize  Pj(ti). 

The  first  and  most  used  method  involves  redistributing  the  values  last  obtained 
from  the  deactivated  filters  equally  among  the  newly  activated  filters.  The  second  method 
reinitializes  all  the  current  filters  (changed  and  unchanged)  to  an  equivalent  probability 
weighting  (all  pj  values  =  !/£)•  This  proved  to  converge  to  a  parameter  estimate  too 
slowly  [14,30].  Hentz  atten^ted  to  implement  a  mote  involved  method.  His  algorithm 
reassigned  the  probabilities  of  the  deactivated  filters  based  on  the  "correcmess"  of  the  new 
filters  [14:29].  This  method  proved  to  be  computationally  intensive  with  no  improved 
performance  over  the  first  method  and  was  discarded.  If  the  bank  expands  or  contracts, 
setting  all  values  equal  as  in  the  second  method  above  may  be  the  most  appropriate  despite 
the  slowness,  since  the  ol !  values  may  no  longer  be  valid.  Additionally,  the  sum  of  the 
new  probability  weights  in  all  cases  must  add  to  one. 

Hentz  investigated  "filter  warm-up":  allowing  the  initial  transients  to  dissipate 
before  incorporating  the  resulting  state  estimates  into  the  MMAE  output.  His  results 
showed  no  improvements  in  using  this  procedure  over  immediate  incorporation  [14: 100]. 

2.5  Stochastic  Controller  Development 

It  was  stated  in  Chapter  1  that  this  thesis  will  use  an  LQG  controller.  For  this  type 
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of  controller,  the  quadratic  cost  function  to  be  minimized  is  ttefined  as; 


J  =  E 


)X(»,  )x(t, ) + )U(/i  )u((, ) + m,  )U((, )] 


(2.34) 


where  the  resulting  output  of  the  controller  is  the  optimal  control  function,  u*  [26:73]. 
This  equation  can  be  restated  as; 


J  =  E 
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where: 

•  /=  scalar  cost  to  be  minimized 

•  x(f, )  =n-dimensional  state  vector 

•  X(r,. )  =n  X  n-dimensional  state  weighting  matrix 

•  'Kf=nx  n-dimensional  fmal  state  weighting  matrix 

•  u(f, )  =r-<limensional  control  input  vector 

•  U(r,. )  =r  X  r-dimensional  control  weighting  matrix 

•  S(fj)  =n  X  r-dimensional  cross-weighting  matrix 

•  tff  =last  time  a  control  is  applied  (held  constant  to  next  sample  period) 

•  =finaltime 

The  basic  form  of  X(r,. )  and  Xr  tue  matrices  that  are  real,  symmetric  and  positive  semi- 
definite.  This  last  property  (as  opposed  to  positive  definiteness)  allows  for  a  zero  cost  to 
be  placed  on  states  that  have  negligible  impact  on  desired  performance.  The  basic  form  of 
U(f,)  is  real,  symmetric  and  positive  definite.  Here,  the  last  property  ensures  that  there 
are  no  zero  eigenvalues,  which  relates  to  allowing  infinite  power  to  be  commanded 
through  any  of  the  actuators.  The  cross  weighting  matrix  S(r, )  is  chosen  so  that  the 
augmented  matrix  in  Equation  (2.35)  is  positive  semi-definite,  which  ensures  a  cost- 
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minimizing  ccmtroller  solution  exists  (provided  that  ceitain  stabilizability  and  detectability 
conditions  in  the  system  design  noodel  are  met). 

For  the  purposes  of  this  discussion,  the  weighting  matrices  are  assumed  to  be 
diagonal.  The  diagonal  terms  of  the  cost  weighting  matrices.  X(r, )  and  Xf  >  ate  selected 
to  reflect  the  relative  importance  of  maintaining  the  components  of  respective  state 
estimates  near  zero.  Larger  terms  indicate  higher  emphasis  on  minimizing  the 
corresponding  state.  Similarly,  the  diagonal  terms  of  the  control  weighting  matrix,  U(/, ), 
reflect  the  level  of  control  energy  or  power  that  is  to  be  used.  Larger  terms  indicate 
smaller  levels  of  control  power  are  to  be  commanded  through  the  actuators. 

The  optimal  discrete  linear  feedback  control  law  that  adheres  to  the  quadratic  cost 
function  in  Equation  (2.3S)  and  the  certainty  equivalence  concept  discussed  in  Chapter  1  is 
[26:16]: 

u*(r,)  =  -G:(f,.)i(/,*)  (2.36) 

where  G*(f, )  is  determined  by  solving  a  backward  Riccati  difference  equation  and 
)  is  the  state  estimate  from  the  Kalman  filter. 

A  steady  state  constant-gain  control  law  can  be  obtained  if  the  initial  transients  in 
the  Kalman  filter  and  the  final  transients  in  the  controUer  gain  are  assumed  to  be  negligible. 
In  order  for  this  to  be  valid,  the  control  application  interval  must  be  long  compared  to  the 
transient  time  period.  In  this  case,  the  optimal  discrete  linear  feedback  control  law  is 
[26:243]: 

u*(t,)  =  -G;x(f,*)  (2.37) 

where  x(f/)  is  now  tl»  state  estimate  from  the  constant-gain,  steady  state  Kalman  filter. 

Tying  all  the  assumptions  together,  namely  a  time  invariant,  linear  system  driven  by 
white  Gaussian  noise  with  a  quadratic  cost  function  described  above,  and  the  additional 
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assumption  of  constant  weighting  matrices,  then  the  constant-gain  steady  state  control  law 
is  as  given  by  Equation  (2.37),  with  [26:242]: 


G;=[u+BiKAr'[®3^*+s^]  (2-38) 


where  K*  is  determined  by  solving  the  steady-suue  Riccati  equation: 

K,  =  [U  +  BjK,B^]'‘[BjK,0+S^]  (2.39) 


These  assumptions  reduce  the  quadratic  cost  function  to: 


J  =  E 


(»,  )X*(«, ) + u^((,)U»(«, ) + 2x^»,  )Su((,  )]l 

Li-0  J 


(2.40) 


Previous  research  results  indicated  that  the  cross  weighting  matrix,  S ,  had  a  negligible 
magnitude,  and  it  was  neglected  with  no  appreciable  performance  in[q>act  [18].  This  is  the 
form  of  control  law  to  be  used  in  this  thesis. 


2.6  MMAC 

The  general  design  of  the  MMAC  was  depicted  in  Figure  1-2.  One  L(^ 
controller  as  described  in  the  previous  section  wiU  be  developed  for  each  parameter  value, 

.  As  introduced  in  Cluqyter  1,  there  are  six  methods  for  combining  the  MMAE  and 
L(^  controller.  These  are:  (1)  MMAC  Control,  (2)  "Modified"  MMAC  Control, 

(3)  MAP  verses  Bayesian  MMAC  Control,  (4)  Single  Fixed-Gain  Control,  (5)  Single 
(Thangeable-Gain  Control,  and  (6)  "Modified"  Single  Changeable-Gain  (Control. 

2,6.1  MMAC  Control 

This  method  is  of  the  form  depicted  in  Figure  1-2.  The  final  optimal  control 
output  is  determined  in  much  the  same  manner  as  is  the  Bayesian  form  of  the  optimal  state 
estimate.  Each  controller  output  is  ^ypropriately  weighted  based  on  the  filter  conditional 
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probability,  Pf^  (r, ) ,  and  sumn^  with  the  others  to  create  a  weighted  average  final 
controller  output. 

2.6.2  "Modifitd^MMAC  Control 

This  ad  hoc  method  ignores  inputs  from  filter/controllers  assumed  to  have 
relatively  poor  state  estimates.  It  was  mentioned  in  Section  2.3.2  that  an  artificial  lower 
bound  may  be  added  to  the  conditional  probabilities  to  keep  them  from  ever  going  to  zero. 
However,  this  implies  these  filters  have  poor  estimates  (assuming  they  reached  the  lower 
bound  for  a  valid  reason)  and  should  not  be  included  in  the  final  controller  gain 
calculation,  no  matter  how  small  their  contribution  may  be.  By  applying  another 
threshold  on  the  conditional  probabilities  higlrer  than  the  previously  mentioned  lower 
bound,  filters  at  the  lower  bound  or  in  the  gap  between  the  two  bounds  will  be  effectively 
eliminated  from  the  MMAC  control  calculation. 

2.6.3  MAP  verses  BayesUm  MMAC  Control 

Similar  in  nature  to  the  MAP  estimation  described  in  Section  2.3.2,  this  method 
states  that  the  elemental  LQG  controller  with  the  largest  coii^)uted  conditional  probability 
will  be  declared  the  controller  to  be  used  at  the  current  time.  Again,  this  method  doesn't 
allow  for  "blending"  of  the  controllers. 

2.6.4  Single  Fixed-Gain  Control 

This  method  assumes  that  designing  the  controller  based  on  a  nominal  parameter 
position  value  is  appropriate,  due  to  the  fact  that  full-state  feedback  controllers  are 
inherently  robust  [14:40].  Figure  2-1  illustrates  this  design.  In  this  figure,  ZOH  refers  to 
zero-order-hold,  where  the  control  input  is  held  constant  over  the  entire  sample  period 
until  a  new  control  input  is  determined.  Likewise,  T  refers  to  the  discrete  time  sampler 
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Figure  2- 1 .  Single  Fixed-Gain  Controller 


period.  The  control  law  is  as  follows: 

u*(/,)  =  -G;[a^]x(r;)  (2.41) 

where  the  state  estimate  is  the  only  input  and  the  gain  is  pre-computed.  The  controller 
parameters  are  selected  such  that  the  controller  provides  adequate  regulation  for  any  true 
system  parameter  value  [14:40].  However,  it  may  be  extremely  difficult  to  determine 

®fwm’ 


2.6.S  Single  Changeable-Gain  Control 

This  method  allows  for  a  changing  value  for  a(t, )  and  is  illustrated  in  Figure  2-2 
The  governing  control  law  is  as  follows: 

“■('.) =-G:ia(/,)ji(«;)  (z-^) 

where  the  gain  is  determined  as  a  function  of  the  parameter  position  estimates.  This 
function  is  composed  in  part  of  a  lookup  table  that  is  pre-computed  based  on  the 
discretized  parameter  space.  In  the  system  example  given,  this  would  constitute  a  10x10 
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Figure  2-2.  Single  Changeable-Gain  Controller 


table.  The  one  gain  to  be  used  is  interpolated  from  this  table,  once  a(t, )  is  generated  by 
the  MMAE  algorithm  [14:38]. 

2,6,6  "Modified'*  Single  Changeable-Gain  Control 

Although  very  similar  in  nature  to  the  previous  technique,  this  method  states  that 
the  MMAE  is  only  necessary  to  provide  an  estimate  of  the  uncertain  parameter,  a(r, ) , 
whereas  its  state  estimate  is  not  used.  a(r, )  is  provided  to  a  single  separate  (not  part  of 
the  original  MMAE)  Kalman  filter/controller  in  which  the  system  model  and  controller 
gain  is  based  on  the  estimated  parameter  position.  Figure  2-3  illustrates  this  technique.  If 
a(t,  )  lies  between  discretized  values  a^^,  then  the  in  Figure  2-2  will  be  produced  by 
weighted-average  blending  of  a  number  of  elemental  filter  outputs  none  of  which 

are  based  on  the  "correct"  parameter  value,  whereas  xCt,"*^)  of  Figure  2-3  would  be 
produced  by  a  single  Kalman  filter  explicitly  based  on  that  correct  parameter  value.  Thus, 
discretization  effects  should  cause  less  state  estimation  degradation  in  this  type  of 
controller  than  in  the  form  depicted  in  Figure  2-2.  This  combination  should  reduce  the 
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Figure  2-3.  Modified  Single  Changeable-Gain  Controller 


probability  that  the  control  input  is  generated  from  filters  and/or  controllers  that  assume 
too  small  a  value  for  the  undamped  natural  frequency  of  the  system  [11:1.17].  Past 
research  has  shown  that  underestimating  this  value  for  the  important  bending  modes  will 
lead  to  system  instabilities  [39]. 

2. 7  MaihenuMcal  Modeling  Methods 

This  thesis  will  utilize  various  mathematical  tools  to  manipulate  the  system  model 
under  investigation  into  a  format  that  is  more  conducive  to  simulations  as  well  as  state 
order  reduction.  This  section  will  provide  a  brief  presentation  of  the  physical  coordinate 
form  and  then  discuss  the  transformation  into  a  more  desirable  modal  form.  Due  to  the 
excessive  computational  burden  imposed  by  high  dimensioned  systems,  state  order 
reduction  is  typically  desired,  especially  for  on-line  filter/controller  implementations. 
Consequently,  three  techniques  for  accomplishing  state  order  reduction  will  be  presented. 
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2.7.1  Physical  Coordinate  Form 

The  dynamics  of  a  structure's  flexible  body  modes  are  described  by  the  following 
standard  second  order  differential  equation  [15:40,21:4]: 

Mr  (f)  +  Cr(f) + Krit)  =  F,(u./)  +  (2.43) 

where: 

•  r(f )  =  n-dimensional  vector  representing  the  structure's  physical  position 

•  M  =  n-by-n  constant  mass  matrix 

•  C  =  n-by-n  constant  damping  matrix 

•  K  =  n-by-n  constant  stiffness  matrix 

•  Fj(t)  =  r-dimensional  deterministic  control  inputs 

•  F2  (/)  =  r-dimensional  disturbances  and  uiunodeled  control  inputs 

If  the  assunq)tions  are  made  that  the  inputs  enter  linearly  through  time-invariant  matrices 
and  that  the  external  disturbances,  F^Cf),  can  be  modeled  as  white  Gaussian  noises,  then 
Equation  (2.43)  becomes  [15:40,21:4]: 

Mf(r)+Cf(0+Kr(0  =  -bu(/)-gw(0  (2.44) 

where: 

•  u(r)  =  r-dimensional  vector  actuator  inputs 

•  b  =  n-by-r  control  input  matrix  identifying  position  and  relationships  between 
actuators  and  controlled  variables 

•  w(f )  =  s-dimensional  vector  of  white  Gaussian  noises  representing  the 
dynamics  driving  noise 

•  g  =  n-by-s  noise  input  matrix  identifying  position  and  relationship  between  the 
dynamics  driving  noise  and  the  controUed  variables 

Equation  (2.44)  can  be  transformed  into  the  following  state  space  form  [15:40,21:4]: 

x(r)  =  Fx(r) + Bu(r) + Gw(f)  (2.45) 
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which  is  the  same  form  as  the  system  described  by  Equation  (2. 1)  in  Section  2.2  with  the 
exception  of  constant  matrices.  Thus,  the  state  vector  representation  from  Equation 
(2.44)  of  a  general  structure  is  given  by: 


x(/)  = 


r(r) 

r(/) 


and  the  form  of  the  constant  system  matrices  is  [1 1:3-20,15:41]: 


(2.46) 


F  = 


-M'C 

I 


J2iu2n 


(2.47) 


B  = 


-M'b. 


J2«x»- 


(2.48) 


G  = 


2nxr 


(2.49) 


For  the  state  vector  described  in  Equation  (2.46),  the  discrete-time  measurement 
description  of  position  and  velocity  is  given  by  [1 1:3-20,15:41]: 


where: 


1 

— 1 
pQ 

o 

_ 1 

II 

N 

1  0  H  J 

.L  ^  •Jmx2n  J 

+  v(f,) 


(2.50) 


•  m—  number  of  measurements 

•  ^(^i)  =  m-dimensional  measurement  uncertainty  modeled  as  a  discrete-time 
white  Gaussian  noise  of  covariance  R(f, ) 

•  =  (m/2)-by-n  position  measurement  matrix  in  physical  coordinates 

•  =  (m/2)-by-n  velocity  measurement  matrix  in  physical  coordinates 
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For  sii]:^)licity,  an  equal  number  of  position  and  velocity  measurements  is  assumed.  The 
actual  measurement  matrix  may  vary  as  a  function  of  the  measurements  available,  but  it 
does  not  affect  the  structure  of  the  system  matrices  of  Equations  (2.47)  through  (2.49). 

The  disadvantage  of  the  physical  coordinate  form  is  that  the  system  equations  are 
highly  coupled.  This  makes  it  difficult  to  identify  important  characteristics  of  the  system. 

2.7.2  Modal  Coordinate  Form 

Transforming  the  equations  to  modal  form  decouples  the  modes  and  makes  the 
identification  process  simpler.  In  this  research,  the  damping  matrix,  C,  is  assumed  to  be  a 
linear  combination  of  the  mass  and  stiffness  matrices  [21:4]: 

C  =  aM  +  PK  (2.51) 

However,  the  calculation  of  a  and  ^  is  not  necessary  when  transforming  to  the  modal 
coordinate  form,  as  will  be  seen.  Given  the  new  modal  coordinate  vector  f ,  the 
relationship  between  the  modal  and  physical  forms  is  described  by  [21:5]: 

r  =  rr  (2.52) 

where  T  is  a  n-hy-n  transformation  matrix  determined  from  the  system  eigenvectors 
calculated  from  [21:5]: 

(D^MT  =  KT  (2.53) 

where  the  values  for  co  that  satisfy  this  equation  are  referred  to  as  the  natural  or  modal 
frequencies.  Since  the  damping  matrix  C  does  not  appear  in  this  equation,  the  previous 
statement  that  the  parameters  in  Equation  (2.51)  are  not  required  is  shown  to  be  true. 

Now,  using  the  transformation  Equation  (2.52)  to  operate  on  the  original  system 
Equation  (2.45),  the  resulting  state  space  equation  is  given  by  [21:5]: 

X(r)  =  FX(r)+Bu(0  +  Gw(0  (2.54) 
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where  the  transformed  state  vector  from  Equation  (2.46)  is  now  deEned  as  [21:5]: 


m= 


’Ht) 

fit). 


(2.55) 


and  the  transformed  matrices  from  Equation  (2.45)  as  applied  to  Equation  (2.44)  are 
defined  as  [11,21:5]: 


I 


-r-’M-'KT 


0 


\2nx2n 


(2.56) 


.  0  Lr 


(2.57) 


.  0 


(2.58) 


Since  the  modal  form  provides  for  independent  equations,  the  resulting  modal 
vectors  are  orthogonal  (e.g.,  the  transformation  matrix  is  developed  fiom  the  system 
eigenvectors  which  are  orthogonal).  This  fact  plus  the  following  relationships: 

-r-‘M-‘Cr  =  [-2^,©,.]  (2.59) 

-r-‘M-‘Kr  =  [-©?]  (2.60) 

allows  the  dynamics  matrix  to  be  written  as  follows: 


[-2Ci©,]  [-©i"] 


I 


0 


'2nx2n 


(2.61) 


where  the  upper  partitions  ate  now  block  diagonal  in  terms  of  the  undamped  natural 
frequency  and  the  damping  ratio  of  the  i-th  mode.  The  transformed  measurement 
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equation  from  Equation  (2.S0)  may  be  written  as  [1 1]: 


Wi)  = 


0  1 

H,r 


+  V(f,) 


(2.62) 


As  can  be  seen  from  this  development,  the  modal  form,  unlike  the  physical  form, 
allows  ready  access  to  the  individual  modes  of  the  system  (in  terms  of  the  natural 
frequency  and  damping  ratio).  Thus  the  modal  form  provides  more  insight  to  the  physical 
structure  in  applicable  large  order  systems  such  as  in  this  research. 

2. 7.3  Modal  Reduction  Technique 

In  modal  reduction,  the  higher  frequency  modes  are  eliminated  from  the  system 
model.  This  statement  is  based  on  the  premise  that,  at  the  higher  frequencies,  the 
structure  reaches  steady  state  in  a  negligibly  small  amount  of  time.  Moreover,  the  effects 
of  low  frequency  modes  should  dominate  because  of  the  physical  nature  of  the  structure 
being  two  stiff  bodies  attached  by  tripod  legs.  This  section  will  discuss  this  procedure 
specifically. 

From  Equation  (2.4S),  the  continuous  system  model  can  be  partitioned  as  follows 
[15:52,17:123]: 


x(0  = 


‘x/(0' 

'^U 

F/2' 

'X;(0' 

+ 

B; 

u(0  + 

G; 

*2(0. 

J2I 

F22. 

.*2(0. 

.®2. 

.G2. 

w(0 


(2.63) 


where  the  system  is  driven  by  deterministic  controls,  u(r),  and  zero-mean,  white  Gaussian 
noise  w(t)  of  strength  Q(t)  (defined  in  Equation  (2.3),  Section  2.2).  The  upper 
partition,  Xj(t) ,  corresponds  to  the  low  frequency  modes  to  be  maintained,  and  the  lower 
partition,  X2(t),  corresponds  to  the  high  frequency  modes  to  be  removed. 

Assuming  instantaneous  steady  state  (X2(f)  =  0),  the  X2(t)  modes  can  be 
eliminated  with  negligible  impact  to  the  overall  performance  of  the  system.  The  lower 
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partition  differential  equation  is  set  to  zero  as  follows  [15:52,17: 123]: 

X2  (0  =  FjyX;  (f ) + F22X2  (0 + B2u(r ) + G2  W(r )  =  0  (2.64) 

Since  F2;  and  F22  are  square  matrices  and  F^*  is  assumed  to  exist,  x^CO  can  now  be 
written  in  terms  of  Xj(t)  and  system  inputs  [15:52,17:123]: 

X2(0  =  -F2'2[F2;X;(0+B2u(r)+G2w(r)]  (2.65) 

Substituting  Equations  (2.64)  and  (2.65)  into  Equation  (2.63)  results  in  [15:52,  17:123]: 

i,(() = [F„  -  F„F;,‘F„]x,(0 +[B,  -  F„F,-,‘B,]u(r) 

4{G;  -  F;2F^*G2]w(J)  (2.66) 


Since  this  research  will  use  a  digital  implementation,  the  analogous  development  is 
given  for  the  discrete-time  case  [  1 1 :3-24].  The  equivalent  discrete-time  model  of 
Equation  (2.63)  is  as  foUows: 


*7  (^(+7) 
X2(^.>7) 


^77  ^,2 

O27  O 


22. 


X7U) 

X2(^.) 


dl 


d2 


u(r<)  + 


G,; 

G.2 


W,(t,)  (2.67) 


With  the  same  steady  state  assumption  as  applied  to  the  discrete  time  case, 

(X2  )  =  X2  {ti ) ),  the  resulting  representation  of  the  higher  order  modes  is  given  as 

follows: 

^21^1  (ti)  + 1^22  -  I]X2 (^i ) + ^d2^ih )  +  Grf2 Wrf (t. )  =  0  (2.68) 

X2(^,)  =  4^22  -ir‘[^27X7(^.)  +  Brf2“(f,)  +  G^2Wrf(r.)]  (2.69) 

The  continuous  state-space  equation  can  be  discretized  easily  by  assuming  a  first  order 
cq)proximation  as  follows: 

O22SI  +  F22A/  (2.70) 

^21^^21^  (2.71) 
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Q^sQ/A/ 


(2.72) 


(2.73) 

(2.74) 

This  last  equation  is  ^propriate,  since,  to  first  order,  Gj2QdGd2  =  ^202^1^ 

Gj2  =  GjA? . 

Substituting  the  Equations  (2.70)  through  (2.74)  into  Equation  (2.69)  results  in: 

X2(^.)  =  4F22A/]“‘[F2;Aa;(i,)+B2Am(/,)+G2Am^(i,)]  (2.75) 

where  w^(r,  )  has  covariance  =  Q2  /  Af.  Simplifying  the  previous  equation  results  in: 

X2(^.)  =  -F;2[F22X2(f,.)+B2U(f,.)+G2W^(r,.)]  (2.76) 

This  equation  is  similar  to  the  previous  continuous  time  version.  Equation  (2.65),  except 
w  is  replaced  with  w^,  a  discrete-time  white  Gaussian  noise.  Then,  substituting  Equation 
(2.76)  into  the  discrete  time  measurement  equation: 

KO=[H,  H,]r*''''’l+v((,)  (2.77) 

L-*2v*2/. 

and  expanding,  yields: 

Z(f,. )  =  [H2  -  H2F2~2‘F22]x2(f, )  -  H2Ff2‘[B2u(i,)  -I-  G2W^(t,.)]  +  v(i,)  (2.78) 

which  results  in  a  direct  feedthough  term  (the  second  term)  created  by  the  order  reduction 
[15:52,17:123]. 

Still  left  to  be  determined  is  the  cutoff  frequency  between  the  desired  low 
frequency  modes  and  the  unwanted  high  frequency  modes.  This  can  be  accomplished  by 
examining  an  ascending  ordered  list  of  the  modal  frequencies  and  determining  the  natural 
breaks  (subject  to  physical  insight  and  computational  concerns).  The  preserved  low 
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firequency  modes  form  the  basis  of  the  resulting  reduced-order  model  which  still  retains 
sooK  information  from  the  eliminated  higher  frequency  OKxies . 


This  procedure  could  be  somewhat  tedious  to  accomplish  in  the  physical  form  of 
the  system  equations,  but  is  rather  straightforward  in  the  modal  form  (Equations  (2.S4) 
through  (2.62)).  The  system  dynamics  matrix  presented  in  Equation  (2.61)  is  expanded  to 
the  next  level  as  follows  to  illustrate  the  modal  form  further  [1 1:3-26,15:53,17: 123]: 


The  low  frequency  modes  to  be  maintained  are  represented  in  the  upper  left  quadrant,  and 
the  higher  frequency  modes  to  be  eliminated  are  represented  in  the  lower  right  quadrant. 
These  two  quadrants  correspond  to  the  ^11  and  partitions  in  Equation  (2.63).  The 
off-diagonal  blocks,  and  are  zero.  Substituting  this  information  into  Equations 
(2.66)  and  (2.78)  yields  [15:53,17:123]: 

ij  (0  =  (0 + B;U(0 + G/W,(r)  =  F,X;  (0 + B,u(0  -i-  G,  w,  (r)  (2.80) 

z(f, )  =  HyXy  (f, )  -  H2F72‘[B2u(f, ) + G2  Wrf  iti )]  -t-  V,  (f, ) 

=  H,Xj  (f, )  -  D„u(fi ) + (^^ )  +  V,  (f,. )  (2.81) 


where  the  subscript  r  denotes  "reduced-order.”  As  can  be  seen  through  this  development 
and  Equation  (2.81),  the  only  remaining  terms  accounting  for  the  high  frequency  modes 
eliminated  are  the  direct  feedthrough  terms,  D„  and  D^.  These  two  terms  allow  direct 
measurement  of  the  effects  of  control  inputs,  u(f,  ),  and  system  dynamics  driving  noise. 
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2. 7.4  IntemaUy  Balanced  Reduction  Technique  [5:31 ] 

The  internally  balanced  technique  attempts  to  "balance"  a  system's  input/output 
relationship  and  apply  a  relative  performance  or  level  of  importance  index  on  the  resulting 
states  [22].  This  index  provides  insight  to  accomplishing  order  reduction,  while 
distributing  the  error  of  the  reduction  over  the  entire  bandwidth  of  interest  [1 1 :3-27]. 

This  technique  is  different  from  the  modal  reduction  in  that  no  distinction  is  placed  on 
either  high  or  low  frequency  modes,  and  thus  the  assumption  of  high  frequency  modes 
reaching  steady-state  instantaneously  is  no  longer  maintained.  Instead,  those  modes  which 
are  least  observable  and/or  controllable  are  removed,  since  they  would  have  the  least 
impact  on  the  input/output  reladonship  for  the  system. 

In  this  technique,  the  controllability  gramian,  ,  and  observability  gramian,  W„, 
change,  but  the  actual  input-output  transfer  function  is  not  altered .  These  gramians  are 
determined  from  the  solutions  to  the  following  matrix  Ly^unov  equations: 


FW,-I-W,F^+BB^  =  0 

(2.82) 

F^W„-»-W^F  +  H^H  =  0 

(2.83) 

where  internal  balancing  results  when  the  gramians,  and  ,  are  determined  to  be 
equal.  Thus,  a  transformed  set  of  system  matrices,  F,  B,  and  H,  is  desired  such  that 
Equations  ( 2.82)  and  ( 2.83)  and  are  satisfied  and  =  W„ . 

For  efficiency,  a  diagonal  form  of  the  gramian  matrix  is  desired.  Once  the  gramian 
is  calculated,  the  similarity  transformation  matrix,  Tf,,  is  determined  that  will  transform  the 
gramian  into  diagonal  form.  First,  the  Cholesky  square  roots  of  and  are 

determined  such  that  the  following  is  true: 

(2.84) 

W,=SX  (2.85) 
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Next,  the  singular  value  decomposition  of  SjS^  is  computed: 


SjS,  =  UAV^ 


(2.86) 


where  U^U  =  V^V  =:  I  and  the  diagonal  matrix,  A ,  is  referred  to  as  the  balanced 
gramian. 

Now  the  desired  similarity  transformation  is  calculated: 


Tt,  (2.87) 

rir‘=A-"2U'fSj  (2.88) 

and  used  to  form  the  internally  balanced  system  matrices: 

F  =  T;^¥T^  (2.89) 

B  =  (2.90) 

G  =  7;-‘G  (2.91) 

H  =  Hi;  (2.92) 


and  the  diagonal  gramian  matrices: 

w,=rir'w,r^-^  (2.93) 

(2.94) 

andW,=W„=A. 

Finally,  the  balanced  state  vector  can  be  computed: 

x  =  T;^x  (2.95) 

To  accomplish  the  desired  order  reduction,  the  gramian  is  examined  (the  diagonal 
terms,  i.e.,  eigenvalues,  form  natural  groupings  and  natural  breaks)  to  determine  which  of 
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the  first  m  states  are  to  be  maintained.  Thus,  the  resulting  reduced-order  state  vector  is 
simply  the  first  m-states  of  the  full-order  internally-balanced  state  vector.  Subsequently, 
the  system  matrices  must  be  modified  by  extracting  the  upper  left  m-by-m  partition  of  the 
matrix  F,  along  with  the  corresponding  portions  of  B,  G  and  H.  This  results  in  the 
following  system  equation: 

i(/)  =  F,x,(/)+B,u(/)  +  G,w(r)  (2.96) 

where  the  subscript  r  represents  reduced  order.  Finally,  the  measurement  equation 
becomes: 

V,(r,.)  (2.97) 

where  there  are  no  resultant  feedthrough  terms  (unlike  the  modal  reduction  method  where 
the  terms  D„  and  arose  mathematically  as  a  result  of  the  reduction  technique). 

2, 7.5  Component  Cost  Modal  Reduction  Technique  [40] 

In  their  Component  Cost  Analysis  (CCA)  technique,  Skelton  and  Yousuff  propose 
that  the  performance  of  a  dynamic  system  subject  to  white  noise  disturbances  can  be 
evaluated  in  terms  of  a  performance  metric,  V .  This  scalar  value  could  represent  the  total 
system  energy.  The  underlying  question  is:  "What  fiction  of  the  overaU  system 
performance  metric  V  is  due  to  each  component  of  the  system?".  By  identifying  the 
individual  cost  associated  with  each  component,  or  mote  precisely,  each  state,  it  is  then 
possible  to  consider  order  reduction  based  on  eliminating  those  states  that  have  the  least 
impact  to  the  overall  cost.  The  following  brief  description  will  illustrate  this  method. 

Assuming  a  linear  time  invariant  dynamic  system  as  described  by  Equation  (2.4S) 
having  n-states  and  zero-mean  white  Gaussian  dynamics  driving  noise  (repeated  here 
without  the  deterministic  input  and  sensor  noise  to  be  consistent  with  the  authors'  original 
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ptesentatioii): 


i(r)  =  Fx(/)+Gw(/) 
2(f)  =  Hx(f) 


(2.98) 


The  system  performance  metric  V  is  defined  as: 

V  =  1^  £[z(f)’^z(f)] 


(2.99) 


(2.100) 


where  the  sum  of  contributions  associated  with  each  continent  state  x,  satisfies  the 
cost-decon^>osition  property: 

V  =  f,Vi  (2.101) 

i-i 


The  individual  component  costs  are  determined  as  follows: 

Vi  =  frflce[XH^H]..  (2. 102) 

where  X  satisfies  the  matrix  Lyapunov  equation: 

0  =  XF^+FX+GG^  (2.103) 

The  individual  components  costs  may  be  positive  or  negative.  If  <  0,  then  that 
component's  dynamics  are  said  to  interact  with  other  components  so  as  to  help  reduce  the 
overall  cost,  and  thus  are  "beneficial"  to  the  system.  If  >  0,  then  that  component's 
dynamics  are  said  to  add  to  the  magnitude  of  the  overall  cost,  and  thus  are  "costly"  to  the 
system.  The  sum  of  all  component  costs  is  nonnegative. 

In  order  to  perform  order  reduction,  it  is  necessary  to  re-order  the  system 
equations  such  that  the  states  appear  in  descending  order  according  to  the  magnitude  of 
their  component  costs  (|Vy|  ^  jVjl  ^  |t4|).  Then,  by  examining  the  rank  ordered 

component  costs  for  natural  breaks,  state  or^r  reduction  is  accomplished  by  truncating 
the  partitions  of  the  system  equations  (as  was  done  in  the  internally  balanced  method) 
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corresponding  to  the  states  determined  to  be  least  costly  .  The  resultant  system  equations 
are  as  follows: 

x,(/)  =  F,x,(r)+G,w(r)  (2.104) 

z,(0  =  H,x,(0  (2.105) 

This  technique  can  be  expanded  to  apply  to  the  more  general  system  which 
includes  the  effects  of  deterministic  inputs  and  n^asurement  noise.  However,  the 
algorithm  as  described  above  is  not  modified  (i.e.,  the  terms  B,  u(0.  and  v(f,  )  will  still 
not  appear  in  the  CCA  algorithm) 

2.8  Summary 

This  chapter  highlighted  the  concepts  that  form  the  foundations  of  this  research. 
The  Kalman  filter  algorithms  and  their  applications  in  the  Bayesian  MMAE  development 
were  discussed  fust.  The  moving-bank  MMAE  discussion  included  methods  for  moving, 
expanding  and  contracting  the  bank.  Next,  the  stochastic  controUer  development  was 
provided  with  the  subsequent  ^plication  to  the  MMAC.  Finally,  two  coordinate  forms 
were  discussed  as  well  as  three  methods  for  state  order  reduction.  It  is  important  to 
remember  the  sin^iliiying  assunqitions  opted  in  this  research.  The  system  for  this  thesis 
will  be  assumed  adequately  described  by  lii»ar,  time  invariant  models  driven  by  stationary 
noises.  A  constant  state  weighting  matrix  and  control  weighting  matrix  will  be  used  in  the 
quadratic  cost  definition  for  the  LQG  controller  synthesis.  The  steady  state  Kalman  filter 
and  LQG  controller  gains  will  be  inq)lemented.  Chapter  3  wiU  proceed  with  the  actual 
system  structure  model  development  to  be  investigated  by  this  research. 
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Ill,  System  Development 


3.1  Introduction 

This  chapter  presents  a  more  thorough  description  of  the  system  under 
investigation  than  was  given  in  Chapter  1.  First,  a  brief  description  of  the  actual  physical 
structure  is  provided.  Second,  the  overall  system  model  is  broken  into  its  components 
parts  and  analyzed.  Last,  the  resulting  truth  model  selection  and  subsequent  reduced 
order  models  are  discussed. 

3.2  SPICE  Structure 

The  original  SPICE  structure  was  envisioned  to  be  mounted  on  a  larger  space 
platform  with  the  ciq)ability  of  precision  pointing  along  the  line  of  sight  (LOS)  axis 
(Reference  Figure  3- 1).  As  such,  the  SPICE  structure  must  be  able  to  be  rotated  or 
slewed  perpendicular  to  the  LOS  axis  by  an  active  rigid  body  control  system.  Once 
slewed,  the  flexible  body  modes  must  be  queUed  to  within  a  predetermined  specification 
along  the  LOS  axis  to  obtain  the  desired  precision  pointing.  This  thesis  will  focus  strictly 
on  quelling  the  flexible  body  vibrations  and  will  ignore  the  rigid  body  motion  or  any 
residual  rigid  body  effects. 

Version  4  of  the  constantly  evolving  SPICE  structure  is  investigated  in  this 
research.  The  updated  version  has  many  changes  from  the  version  2  examined  in 
Gustafson’s  research  [1 1].  Most  of  the  updates  are  due  to  the  addition  of  actual  hardware 
(sensors  and  actuators)  not  physically  present  in  the  previous  versions.  In  addition,  actual 
test  data  taken  after  these  additions  was  incorporated  into  the  system  model.  This  section 
will  present  the  new  version  as  well  as  point  out  some  of  the  basic  changes  from  version  2. 

3.2.1  Physical  Structure  Description 

The  SPICE  structure  is  divided  into  three  major  structural  sections  as  depicted  in 
Figure  3-1 .  The  hexagonal  base  referred  to  as  the  Bulkhead  forms  the  support  for  the 
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entire  structure  and  is  6.19  meters  in  diameter.  The  Primary  Mirror  (PM)  Assembly  is 
mounted  on  top  of  the  bulkhead.  Three  legs  (tripod)  connect  the  bulkhead  to  the 
Secondary  Mirror  (SM)  Assembly.  The  SM  Assembly  is  1.32  meters  in  diameter.  The 
overall  height  of  the  structure  is  8. 14  meters.  The  Z-axis  corresponds  to  the  LOS  axis 
and  the  Y  axis  points  out  the  tripod  leg  number  one.  Each  of  the  PMAs  has  its  own  local 
coordinate  frame. 
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Maintaining  the  alignment  of  the  SM  Assembly  and  the  Bulkl^ad  is  the  primary 
concern  of  this  research.  An  exaggerated  example  of  the  SPICE  structure  exhibiting  this 
misalignment  due  to  its  flexible  bending  modes  is  illustrated  in  Figure  3-2.  Note  that  (for 
the  purposes  of  this  research)  the  alignment  is  not  altered  by  a  pure  torsion  force  about  the 
line  of  sight  axis. 


Figure  3-2.  Flexible  SPICE  Structure 
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3.2.2  Actuators  and  Sensors 

Actuators  provide  the  control  force  necessary  to  quell  the  structural  vibrations. 

The  specific  actuator  utilized  is  referred  to  as  a  proof  mass  actuator  (PMA).  The  PMA 
uses  a  proof  mass  that  is  electro-magnetically  moved  to  counteract  the  bending  motion  of 
the  structure  at  the  location  of  the  PMA.  (The  dynamics  of  the  PMA  can  be  thought  of  as 
a  simple  spring-mass  system.)  A  total  of  18  PMAs  are  mounted  on  the  structure.  There 
are  6  PMAs  located  such  that  there  is  one  on  the  vertical  spar  at  each  of  the  hexagonal 
comers  of  the  bulkhead  pointing  in  the  Z  direction.  The  tripod  legs  house  the  remaining 
12  PMAs.  Each  leg  has  two  sets  of  PMAs  mounted  along  the  local  orthogonal 
coordinate  axis  and  optimally  located  approximately  one  third  and  two  thirds  up  the  length 
of  the  leg  respectively.  The  PMAs  were  not  physically  mounted  on  the  structure  for 
version  2  but  were  included  as  mathematical  models. 

Various  sensors  provide  the  necessary  measurement  information  to  generate  the 
controlling  force  inputs  and  to  indicate  the  pointing  accuracy.  Specifically,  three  different 
types  of  sensors  are  being  used.  First,  there  are  a  total  of  54  accelerometers  separated 
into  18  essentially  co-located  sets  of  3  (one  set  per  PMA)  which  measure  the  bending 
motion  of  the  structure.  Each  set  contains  2  Wilcoxin  high  frequency  accelerometers  and 
1  Sundestrand  low  frequency  accelerometer.  One  Wilcoxin  accelerometer  is  physically 
mounted  on  each  PMA  proof  mass.  The  remaining  two  are  co-located  on  the  physical 
structure  at  the  point  of  attachment  and  along  the  reference  axis  of  each  PMA.  This  is 
different  from  version  2,  which  had  modeled  only  one  accelerometer  located  at  each  PMA 
position.  The  second  type  of  sensor  is  the  Linear  Variable  Differential  Transformer 
(LVDT),  which  provides  a  differential  position  measurement  of  the  PMA  proof  mass  with 
respect  to  the  structure.  This  sensor  was  not  available  physically  or  in  model  form  in 
version  2.  The  third  type  of  sensors  are  the  elements  of  the  Optical  Scoring  System  (OSS) 
which  provide  line  of  sight  (LOS)  measurements  between  the  two  mirror  assemblies.  This 
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system  uses  42  precisely  placed  laser  and  sensor  pairs  to  determine  a  change  in  position  of 
a  laser  with  respect  to  the  corresponding  sensor.  Essentially,  this  gives  an  indication  of 
the  relative  displacement  between  the  primary  and  secondary  minor  assemblies.  These 
sensors  were  modeled  but  not  physically  present  for  version  2. 

3.2.2  Disturbances 

There  are  two  different  types  of  disturbances  entering  the  physical  structure.  The 
first  type  enters  at  the  base  of  each  tripod  leg  at  the  attachment  to  the  bulkhead.  There  are 
actually  two  highly  correlated  disturbances  entering  each  tripod  leg.  This  adds  to  a  total 
of  6  input  disturbances  of  this  type.  These  disturbances  are  imparted  to  the  physical 
structure  during  on-ground  testing  using  pairs  of  magnetic  actuators  at  the  base  of  each 
tripod  leg.  In  version  2,  there  was  only  one  modeled  disturbance  entering  each  leg.  The 
addition  of  the  second  disturbance  to  each  leg  is  more  physically  correct  with  the  actual 
structure.  The  second  type  of  disturbance  enters  each  tripod  leg  at  the  SM  Assembly. 
Here  there  is  only  one  input  per  leg,  for  a  total  of  three. 

3.3  Full  Order  System  Model  Description 

The  overall  system  model  is  illustrated  in  Figure  3-3  in  a  much  simplified  block 
diagram  format.  The  actual  full  system  model  was  provided  by  Honeywell  Inc, 

Phoenix  AZ,  in  MATRDCx  System-Build  format  [3].  This  model  is  an  accurate 
representation  of  the  actual  physical  structure  and  is  composed  of  an  extremely  high 
number  of  states  (-1000).  The  complete  model  is  presented  to  provide  insight  and 
understanding  of  the  actual  physical  system.  In  Figure  3-3,  the  PMA  femd  (force 
command)  refers  to  the  control  inputs  to  the  PMAs  from  the  combined  feedback  loops.  In 
the  feedback  loop  portion,  the  PMA  LAC  (low  authority  control)  damping  refers  to  simple 
rate  feedback  for  the  structure,  whereas  the  PMA  local  damping  refers  to  localized 
damping  for  the  PMAs.  In  the  subsequent  subsections,  the  individual  parts  of  the  overall 
system  model  will  be  separated  and  analyzed,  thus  providing  a  clearer  understanding  of  the 
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system  components  illustrated  in  Figure  3-3.  The  complexity  and  excessive  size  of  this 
model  would  prohibit  its  use  as  a  "truth"  model.  In  Section  3.4,  the  actual  truth  system 
model  (reduced  order)  will  be  presented  with  all  the  underlying  assumptions  and 
justifications. 
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3.3.1  Disturbances 

The  shining  filters  that  form  the  disturbance  inputs  are  the  same  for  both  types  of 
disturbances,  with  the  only  difference  being  minor  gain  changes.  The  fourth  order 
bandpass  filter  model  is  depicted  in  Figure  3-4  (in  this  figure  and  subsequent  figures,  the 
numbers  under  the  arrows  specify  the  dimensions  of  the  vector  quantity).  This  filter 
passes  six  scalar  white  noise  inputs  with  equivalent  statistics  (denoted  as  the  vector  w„  in 
Figure  3-4)  over  the  5-10  Hz  ftequency  band.  The  noise  strengths  are  such  that  the 
structure  achieves  a  100  micro-radian  open  loop  LOS  error  (this  assumes  clamping  of  the 
proof  masses  in  the  PMAs).  As  stated  earlier,  the  two  disturbances  entering  each  tripod 
leg  at  the  bulkhead  are  highly  correlated,  so  the  three  colored  noise  inputs  for  this  type  of 
disturbance  are  split  at  the  output  of  the  appropriate  gain  block.  Thus  each  split  signal 
forms  the  disturbance  inputs  of  one  leg.  The  form  of  the  state  equation  is  given  by: 

x„(0  =  F„x„(f)+G„w„(0  (3.1) 

where: 

•  x„(t)=  24-state  vector  representing  the  disturbance  states 

•  F„  =  24-by-24  constant  fundamental  dynamics  matrix 

•  G„  =  24-by-6  constant  noise  input  matrix 

•  w„  (t)  =  6-by-l  unit-strength  white  Gaussian  noise  vector 

and  the  corresponding  output  equation  is: 

ii(0  =  C„x„(0  (3.2) 

where: 

•  n(0  =  9-by-l  output  colored  noise  vector 

•  C„  =  9-by-24  constant  matrix 
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Figure  3-4.  System  Model  Disturbance  Block 


The  output  vector  is  defined  as: 


SMA  disturbance  Leg  1 

SMA  disturbance  Leg  1 

SMA  disturbance  Leg  1 

Bulkhead  Z1  disturbance  Leg  1 

= 

Bulkhead  Z2  disturbance  Leg  1 

Bulkhead  Z1  disturbance  Leg  2 

«7 

Bulkhead  Z2  disturbance  Leg  2 

"s 

Bulkhead  Z1  disturbance  Leg  3 

3. 

Bulkhead  Z2  disturbance  Leg  3_ 

where  the  Z1  and  72  indicate  the  two  disturbances  are  predominantly  in  the  Z  direction. 
(The  two  magnetic  actuators  per  leg  are  mounted  ~12  degrees  off  the  Z  axis).  As  a  result, 
this  filter  contributes  24  states  to  the  overall  system  model. 

3.3.2  Structure 

The  structure  model  of  Figure  3-3  refers  to  the  dynamic  response  of  the  passive 
flexible  bending  modes  of  the  system  and  of  the  active  control  imparted  by  the  PMAs. 

The  flexible  body  portion  of  the  structure  model  was  developed  from  finite  element 
analysis  and  modal  test  data  [1,3].  The  full-order  flexible  body  portion  is  composed  of 
over  180  modes  (/i~180),  with  natural  frequencies  that  range  from  7  to  ISO  Hz.  This 
adds  over  360  states  to  the  overall  system  model.  In  previous  versions,  the  PMAs  were 
modeled  separately  from  the  structure  block  since  the  PMAs  had  not  been  physically 
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added  to  the  structure  [11].  Now  that  the  PMAs  are  physically  attached,  their  system 
models  are  incorporated  into  the  structure  block  in  an  augmented  fashion.  (The  modal 
frequencies  of  the  structure  portion  were  adjusted  accordingly  via  subsequent  modal 
tests.)  Since  the  PMAs  are  essentially  spring-mass  systems,  they  are  appropriately 
modeled  as  second-order  systems,  each  with  a  damping  ratio  of  ~0.01  and  natural 
frequency  of  ~S  Hz.  This  adds  36  states  to  the  overall  system  model. 

Having  been  delivered  in  the  desirable  modal  coordinate  form,  no  transformation 
from  a  physical  representation  was  necessary  (as  discussed  in  Section  2.7.2).  The  form  of 
the  state  equation  for  the  structure  is  as  follows: 

x,(r)  =  F,x,(0+B,u^^^(0+G,ii(0  (3.4) 

where: 

•  x,(0  =  (36  +2n)-state  vector  representing  the  flexible  body  and  PMA  modes 

•  F,  =  (36+2n)-by-(36+2n)  constant  structure  plant  matrix 

•  B,  =  (36+2n)-by-36  constant  control  input  matrix 

•  G,  =  (36+2n)-by-9  constant  noise  input  matrix 

•  n(f )  =  defined  in  Equations  (3.2)  and  (3.3) 

•  ^fcmd  -  36-by-l  PMA  force  cmds  vector 

•  n  =  number  of  modes  representing  the  structure 

The  actual  structure  of  the  dynamics  matrix  F,is  of  the  block  diagonal  form  illustrated  in 
Equation  (2.79),  where  the  corresponding  state  vector  has  the  velocity  states  ordered  first 
and  the  position  states  second  as  shown  on  the  following  page: 
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PMA  1  velocity 


X/ 


X/« 

*7S+/ 


PMA  18  velocity 

First  bending  mode  velocity 


x,(0  = 


Xm, 

^iS+H+l 


nth  bending  mode  velocity 
PMA  1  position 


X/a+ii+ia 


PMA  18  position 

First  bending  mode  position 


LX^+2b 


nth  bending  mode  position 


The  associated  output  equation  is  as  follows: 

y  Struct  (^)  “  CjX,  (j)  +  ■*" 

where: 

•  ysinta(f)  —  98-by-l  structure  output  response  vector 

•  C,  =  98-by-(36+2n)  constant  matrix 

•  =98-by-36  deterministic  control  input  direct  feedthrough  matrix 

•  =  98-by-9  noise  direct  feedthrough  matrix 
The  output  vector  is  deiined  as: 


>/  ■ 

’X  Line  of  Sight 

>2 

Y  Line  of  Sight 

« 

LOS  sensor  1  (OSSl) 

• 

• 

y44 

• 

LOS  sensor  42  (OSS42) 

Structure  acceleration! 

• 

y62 

= 

Structure  acceleration  1 8 

y63 

• 

PMA  acceleration  1 
« 

• 

yao 

• 

PMA  acceleration  18 

ysi 

Differential  position  1  (PMl  wrt  structure) 

.y98. 

Differential  position  18  (PM18  wrt  structure) 

(3.5) 

(3.6) 


(3.7) 
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The  X  and  Y  LOS  outputs  result  from  a  transformation  of  the  outputs  of  the  LOS 
optical  elements  (which  reflect  the  alignment  of  a  particular  laser/sensor  pair).  These  LOS 
sensor  outputs  (referred  to  as  optical  scoring  sensor  or  OSS  outputs)  are  position 
measurements  of  the  displacement  of  the  primary  mirror  assembly  with  respect  to  the 
secondary  mirror  assembly.  The  structural  acceleration  outputs  relate  the  acceleration  of 
the  structure  at  the  point  of  attachment  of  the  respective  PMAs,  along  the  PMA  senstive 
axis  direction.  The  PMA  acceleration  outputs  relate  the  acceleration  of  the  actual  proof 
mass  within  each  PMA,  again  along  the  PMA  sensitive  axis  direction.  The  differential 
position  outputs  relate  the  position  of  the  proof  mass  relative  to  the  structure  at  the  point 
of  attachment. 


3.3.3  Measurement  Devices 

The  first  of  the  different  measurement  devices  to  be  discussed  is  the  high  frequency 
Wilcoxin  accelerometer.  Since  this  particular  type  of  accelerometer  is  more  effective  at 
higher  frequencies,  it  is  appropriately  modeled  by  a  second-order  high-pass  filter  as 
illustrated  in  Figure  3-5.  This  effectively  eliminates  the  lower  frequencies  attributed  to 
rigid  body  effects  Qess  than  2  Hz).  The  colored  sensor  noise  is  modeled  with  a  high-pass 
third-order  shsq)ing  filter.  The  state  space  representation  is  given  by: 


(0  (3.8) 


where: 

•  x^(f)  =  36-state  vector  representing  the  accelerometer  response 

•  *fnva(0  =  54-state  vector  representing  the  time-correlated  accelerometer  noise 

•  =  36-by-36  constant  accelerometer  plant  matrix 

•  =  54-by-54  constant  accelerometer  noise  shaping  filter  system  matrix 

•  =  36-by-18  constant  matrix 
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Figure  3-5.  Wilcoxin  Accelerometer  Model 


•  =  54-by-18  constant  matrix 

•  =  defined  by  Equation  (3.7),  (see  statement  below) 

•  yiwacc  -  18-by-l  unit-strength  white  Gaussian  noise  vector 

The  corresponding  measurement  equation  is  given  as: 


*lVaec (^1 )  ~  [Hhw  ] 


a.) 

0.)J 


(3.9) 


where: 

•  =  18-by-36  constant  accelerometer  measurement  matrix 

•  =  18-by-54  constant  accelerometer  noise  measurement  matrix 

•  =  1 8-by- 18  constant  feedthrough  matrix 

•  yacc  -  defined  by  Equation  (3.7),  (see  following  statement) 

Since  there  are  actually  two  sets  of  Wilcoxin  accelerometers  (located  on  the  PMA  and 
structure  respectively),  each  represented  by  Equations  (3.8)  and  (3.9),  the  separate 
accelerometer  input  terms  for  the  18-dimensional  y^^  vector  are  gained  by  extracting  the 
appropriate  set  of  components  from  Equation  (3.7)  (terms  y^j  through  for  the  PMA 
accelerometers  and  terms  y^^  through  y^2  die  structure  accelerometers,  respectively). 
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The  second  sensor  type,  Sundestrand  accelerometer,  is  more  effective  at  lower 
frequencies,  so  it  is  ^ropriately  modeled  by  a  second-order  low-pass  filter  as  illustrated 
in  Figure  3-6.  The  colored  sensor  noise  is  modeled  with  a  second-order  low-pass  shaping 
filter.  The  state  space  representation  is  given  by: 


^Sacc 


it) 


_  'x. 


.(0 

,(t) 


nsa^’^j  L 


^sa 

0 


*  JL 


X. 


,(0 

.(0 


B 


la 

0 


yaccit)-^ 


0 


Vfsaccit)  (3.10) 


where: 


•  x^(f)  =  36-state  vector  representing  the  accelerometer  response 

•  x^(r)  =  36-state  vector  representing  the  time-correlated  accelerometer  noise 

•  =  36-by-36  constant  acceleron^ter  plant  matrix 

•  =  36-by-36  constant  accelerometer  noise  shying  filter  system  matrix 

•  =  36-by- 18  constant  matrix 

•  =  36-by-18  constant  matrix 

•  =  defined  by  Equation  (3.7) 

•  ^sacc-  18-by-l  unit-strength  white  Gaussian  noise  vector 


Figure  3-6.  Sundestrand  Accelerometer  Model 
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The  conesponding  measurement  equation  is  given  as: 


^Sacc(^i )  ~  ®(ua 


(3.11) 


where: 

•  =  18-by-36  constant  accelerometer  measurement  matrix 

•  =  18-by-36  constant  accelerometer  noise  measurement  matrix 

The  accelerometer  input  vector  terms  for  are  gained  by  extracting  the  tq>propriate 
components  from  Equation  (3.7)  (terms  through  yg2). 


The  third  sensor  type,  LVDT,  is  modeled  by  a  second-order  low-pass  filter  as 
illustrated  in  Figure  3-7.  The  colored  sensor  noise  is  modeled  with  a  second-order  low- 
pass  shaping  filter.  The  state  space  representation  is  given  by: 


'l+f^^Ww+fr  "  Vtvm-(0  (312) 


where: 

•  XiYjyp(t)  =  36-state  vector  representing  the  LVDT  response 

•  ^nLvcrriO  =  36-state  vector  representing  the  time-correlated  LVDT  noise 

•  ^LVDT  -  36-by-36  constant  LVDT  plant  matrix 

•  F^vdj.  =  36-by-36  constant  LVDT  noise  shaping  filter  system  matrix 

•  ®i,vDT  =  36-by-18  constant  matrix 

•  G^yjyp  =  36-by-18  constant  matrix 

•  y<^  “  defined  by  Equation  (3.7) 

•  ^Lviyr  -  18-by-l  unit-strength  white  Gaussian  noise  vector 
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Figures-?.  LVDT Model 
The  corresponding  measurement  equation  is  given  as: 


^LVDT 


(»,)  =  [H 


H. 


LVDT  “nLVDT- 


■J  ^LVDT^ 
V^nLVDT 


iO 

«,)J 


where: 


(3.13) 


•  HivzKT-  =  18-by-36  constant  LVDT  measurement  matrix 

•  ^nLVDT  -  18-by-36  constant  LVDT  noise  measurement  matrix 

The  LVDT  input  vector  terms  for  are  gained  by  extracting  the  appropriate 
components  from  Equation  (3.7)  (terms  Ygj  through  y^). 


The  final  sensor  type,  OSS,  only  requires  state  space  modeling  for  the  colored 
sensor  noise  which  is  modeled  with  a  fourth-order  band-pass  shaping  filter.  The  state 
space  representation  for  the  model  depicted  in  Figure  3-8  is  given  by: 

*noss(0  =  [^noss]*  nOSs(0  (3.14) 

where: 

•  x„oss(0  =  72-state  vector  representing  the  time  correlated  OSS  noise 

•  ^nOSS  =  72-by-72  constant  OSS  noise  plant  matrix 

•  ^noss  =  72-by-18  constant  matrix 

•  ^oss  —  18-by-l  unit-strength  white  Gaussian  noise  vector 
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Figure  3-8.  OSS  Model 


The  42  sensor  outputs  must  be  coordinatized  to  correspond  to  the  18  PMA  nodes  via  a 
coordinate  Iframe  transformation  [3].  Thus  the  form  of  the  measurement  equation  is  as 
follows: 


*05s(^i )  “  +  [Tu)S-PAM  ]y 


OSS 


(3.15) 


where: 


•  Ho55  =  18-by-72  constant  matrix 

•  '^05S-pm~  18-by-42  constant  OSS  Transformation  matrix 


The  OSS  input  vector  terms  for  yoss  are  gained  by  extracting  the  appropriate  components 
from  Equation  (3.7)  (terms  through  y^). 


3.3.4  Feedback  Loops  and  Control  Inputs 

The  feedback  loop  stn'cture  is  composed  of  a  3-tiered  approach  and  was 
illustrated  in  Figure  3-3.  This  is  the  design  approach  adopted  by  Lockheed  LMSC  (the 
primary  controls  contractor  on  the  SPICE  project)  with  the  exception  of  a  single  robust 
Kalman  filter  estimator/controller  in  place  of  the  MMAC  block  [1,3].  The  first  and  second 
tiers  are  maintained  in  this  research  based  on  the  advice  from  Lockheed  [1].  The  first  tier, 
PMA  local  damping  force,  provides  for  localized  damping  feedback  for  the  PMAs.  The 
second  tier,  PMA  Low  Authority  Control  (LAC)  damping  force,  provides  simple  rate 
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feedback  for  the  entire  structure.  The  final  tier  is  the  MMAC  design  which  provides 
feedback  for  attaining  the  desired  performance  specifications.  A  more  complete 
illustration  with  all  the  appropriate  models  is  provided  in  Figure  3-9. 

In  attaining  the  PMA  local  damping  force  (which  is  essentially  a  rate  differential), 
the  output  (differential  position)  from  the  LVDT  model  is  low-pass  filtered  and 
differentiated.  In  addition,  the  output  from  the  Wilcoxin  (PMA)  accelerometer  model  is 
subtracted  from  that  of  the  Wilcoxin  (structure)  accelerometer  model  to  form  a  differential 
acceleration,  which  is  then  high-pass  filtered  and  integrated.  The  high  and  low  pass  filters 
form  a  crossover  network  such  that,  when  summed,  there  is  no  interference  in  the 
overlapping  frequency  ranges  of  the  two  sensor  types.  The  18  outputs  are  gain  adjusted 
and  fed  to  the  PMA  force  commands  summing  junction. 

The  second  tier,  PMA  LAC  damping  force,  is  formed  by  feeding  the  output  of  the 
Wilcoxin  (structure)  accelerometer  model  and  Sundestrand  (structure)  accelerometer 
model  through  a  crossover  network  composed  of  a  high  and  low  pass  filters  respectively. 
Again,  this  eliminates  interference  in  the  overlying  fiequency  ranges  from  the  respective 
accelerometers.  The  resulting  output  is  integrated,  gain  adjusted,  and  fed  to  the  PMA 
force  commands'  summing  junction. 

The  final  tier  is  the  MMAC  design  implemented  in  this  research.  This  design 
approach  is  based  on  the  assumption  that  there  exist  uncertain  parameters  in  the  structure 
dynamics  such  that  instabilities  arise  beyond  the  robustness  range  of  a  single  Kalman  filter 
state  estimator  with  LQG  control.  Thus,  an  adaptive  approach  is  required  as  discussed  in 
Chapter  1.  Of  special  note  is  that  only  the  outputs  of  the  structure  accelerometers  and 
OSS  are  utilized  by  the  MMAC  loop.  (This  is  based  on  the  actual  system  design.) 

The  control  inputs  block  is  composed  of  two  sequential  second  order  filters  with 
additive  colored  noise  that  model  the  dynamics  and  noise  characteristics  of  the  electronics 
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Figure  3-9.  Feedback  Loops  and  Control  Inputs  Model 


that  generate  the  PMA  force  command  inputs.  Since  the  PMAs  were  integrated  into  the 
structure,  the  negative  gain  block  indicates  that  the  18  PMA  force  commands  act 
oppositely  on  the  flexible  body  than  the  PMAs.  Thus,  there  are  18  PMA  inputs  and  18 
structure  inputs,  for  a  total  of  36. 


3.4  Truth  Model  Selection 

It  is  easy  to  see  that  the  number  of  states  (690f  2n)  involved  with  the  system  model 
as  presented  in  Section  3.3  constitutes  an  extreme  computational  burden  in  terms  of  total 
simulation  time  and  for  use  in  controller  development  Thus,  reducing  the  total  number  of 
states  becomes  a  necessity.  Yet  the  dominant  structure  modes  and  system  con^wnents 
that  will  still  qualify  the  truth  model  as  a  "true”  representation  of  the  physical  structure 
must  be  maintained.  With  the  previous  statements  in  mind,  several  assumptions  and 
justifications  are  made  based  on  the  advice  of  Lockheed  controls  engineers  [1].  First,  the 
structure's  flexible  bending  modes  will  be  truncated  at  natural  frequencies  greater  than  100 
Hz.  Second,  the  measurement  devices  utilized  by  the  MMAC  will  be  itKxleled  as 
providing  perfect  measurements  with  additive  white  sensor  noise.  Third,  any  low-pass 
filter  with  a  break  frequency  beyond  the  range  of  frequencies  from  the  structure  portion  of 
the  system  model  will  be  eliminated.  Finally,  noise  inputs  on  the  first  two  feedback  loops 
and  on  the  PMA  control  inputs  wiU  be  eliminated.  Each  of  these  statements  will  be 
addressed  individually  in  the  following  section. 

3.4.1  Truth  Model  Simplifications 

Currently,  the  flexible  body  portion  of  the  structure  block  contains  194  modes 
ranging  up  to  ISO  Hz.  Tnmcating  this  portion  of  the  system  model  to  100  Hz  will 
eliminate  86  flexible  body  modes,  resulting  in  216  states.  The  underlying  assuiiq)tion  is 
that  any  noodes  at  higher  fiequencies  will  be  passively  quelled  instantaneously  and 
essentially  have  no  effect  on  the  overall  systena.  This  is  consistent  with  assumptions  made 
in  Gustafson’s  research  and  at  Lockheed  [1,11].  The  resulting  frequency  range  (5  - 100 
Hz)  forms  the  total  frequency  range  of  interest  to  be  considered  in  this  research. 

A  large  proportionate  number  of  overall  system  states  are  contributed  by  the 
sensor,  noise,  and  feedback  loop  models.  Elimination  of  these  models  based  on  the 
assumption  of  measurements  with  additive  white  noise  would  decrease  the  state  order 
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magnitude  drastically.  This  may  seem  ins^ropriate  at  first  but  will  be  proven  to  make 
sense,  given  the  nature  of  the  mathematical  representation  of  the  physical  structure  used  in 
this  research. 

First  to  be  addressed  is  the  MMAC  feedback  loop  which  utilizes  three  sensors;  the 
Sundestrand  accelerometer,  the  Wilcoxin  accelerometer,  and  the  OSS.  In  Figure  3-10, 
Bo(te  plots  are  shown  depicting  the  frequency  response  from  each  of  these  sensor  models. 
The  Sundestrand  model  is  essentially  a  low-pass  filter  with  a  break  frequency  well  above 
the  frequency  range  of  interest  (»100  Hz).  The  Wilcoxin  accelerometer  model  is 
essentially  a  high  pass  filter  with  a  break  ficquency  below  the  frequency  range  of  interest 
(<5  Hz).  Viewed  together,  the  combination  of  their  outputs  can  be  treated  as  a  unity  gain 
bandpass  encompassing  the  entire  frequency  range  of  interest,  where  the  attenuation 
outside  of  this  range  is  ignored.  Thus,  they  can  be  thought  of  as  providing  "perfect” 
measurements  in  the  sense  that  there  is  no  attenuation  in  the  frequency  range  of  interest. 
This  same  situation  loosely  applies  for  the  colored  noise  added  to  each  of  these  respective 
sensors.  As  seen  in  Figure  3- 1 1 ,  the  Sundestrand  noise  is  shaped  by  a  low-pass  filter  and 
the  Wilcoxin  noise  is  shaped  by  a  high-pass  filter.  Thus  their  replacement  by  white  noise  is 
justified  for  the  same  reasons  as  above,  where  the  strength  of  the  white  noise  is  based  on 
an  averaged  gain.  The  need  for  further  filtering  in  this  loop  is  now  somewhat  superfluous 
and  thus  they  are  eliminated.  The  OSS  requires  no  states  and  is  not  a  concern.  The 
colored  OSS  sensor  noise  is  formed  by  a  band-pass  filter  where  the  high  and  low  break 
fi«quencies  are  outside  the  fi«quency  range  of  interest  (reference  Figure  3-12,  page  3-22) 
and  thus  can  be  treated  as  white. 

The  next  issue  is  to  address  the  integrator  and  differentiator  models.  In  the 
physical  system,  acceleration  and  position  measurements  are  taken,  which  must  be 
integrated  and  difrerentiated  respectively  to  gain  the  required  rate  feedback.  However,  in 
the  mathematical  representation,  direct  "velocity  measurements"  are  possible  for  each  of 
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Figure  3- 10.  Sundestrand  and  Wilcoxin  Accelerometer  Bode  Plot 


Figure  3-11.  Sundestrand  and  Wilcoxin  Noise  Bode  Plot 


Figure  3-12.  OSS  Noise  Bode  Plot 


the  sensor  ou4)uts,  thereby  eliminating  the  need  for  integrators  or  differentiators  in  the 
system  model. 

The  two  sequential  low-pass  filters  on  the  input  of  the  PMA  force  commands  both 
have  break  frequencies  well  beyond  the  frequency  range  of  interest  Thus,  they  are 
unneeded  and  are  removed  from  the  system  model. 

Finally,  the  noise  inputs  on  the  first  two  feedback  loops  and  the  PMA  fOTce 
commands  (not  including  the  disturbance  noise  inputs  and  the  sensor  noise  on  the  inputs 
to  the  MMAC)  are  assumed  to  have  negligible  impact  on  die  system  performance.  The 
disturbance  noise  essentially  "drowns"  out  any  of  these  additional  noises,  so  these  are 
eliminated  far  simplicity. 

S.4.2  Truth  Model 

The  frnal  version  of  the  truth  model  with  294  total  states  is  shown  in  Figure  3-13. 
The  disturbance  pmtion  has  not  been  altered,  so  its  state  space  representation  remains  as 
given  by  Equations  (3. 1)  through  (3.3).  The  structure  state  equation  is  still  rejM'esented  by 
Equations  (3.4)  and  (3.5)  with  the  excqiticm  diat  the  number  of  flexible  bending  modes  is 
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Figure  3-13.  Truth  Model  Block  Diagram 


now  108  (nslOS)  due  to  the  elimination  of  the  unwanted  higher  frequency  bending  modes. 
The  new  associated  output  equation  is  given  by: 

y«m:r(0  =  C,X,(f)  (3.16) 

where: 

•  y««cf  ”  56-by-l  structure  output  response  vector 

•  C,  =  56-by-(36+2n)  constant  matrix 
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The  D^^and  D„  terms  from  Equation  (3.6)  have  been  eliminated  since  the  "velocity 
measurements"  do  not  involve  feedthrough  terms.  The  output  vector  is  now  defined  as: 

>/  X  Line  of  Sight 

>2  Y  Line  of  Sight 

yj  Transformed  OSS  1 

>20  Transformed  OSS  18 

y=  y2j  =  Structure  velocity  1 

yjg  Structure  velocity  18 

yjg  PMA  velocity  1 

•  • 

•  • 

•  • 

yjg  PMA  velocity  18  (3.17) 

where  outputs  from  Equatitm  (3.7)  have  been  eliminated.  The  new  differential 
velocity  measurement  for  the  PMA  local  damping  loop  is  obtained  by  subtracting  outputs 
y 39-56  outputs  y2o~3s  respectively.  Also,  the  transformation  matrix  for  the  OSS 

LOS  sensors  was  incorporated  into  the  output  portion  of  the  structure  block,  thus 
reducing  the  42  individual  sensor  outputs  to  the  18  outputs  to  the  MMAC  block. 

The  addition  of  the  frrst-order  low-pass  filter  on  the  control  inputs  from  the 
MMAC  block  is  based  on  the  advice  of  Lockheed  [1].  This  filter  provides  for  a  10  Hz 
rolloff  on  the  MMAC  loop  which  is  needed  for  stability  [1].  The  state  equation  is  given 
by: 

i,(0  =  F,x^(0+B^u 

MMAC  it)  (3.18) 

where: 

•  Xfit)  =  18-state  vector  representing  the  filter  states 

•  =  18-by-18  constant  filter  plant  matrix 

•  =  18-by-18  constant  matrix 

•  ^MMAciO-  18-by-l  MMAC  control  vector 
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There  is  no  dynamics  driving  noise  as  this  filter  is  implemented  digitally  for  the  physical 
structure  and  the  states  are  known  exactly.  The  corresponding  output  equation  is: 


(3.19) 

where: 

•  18-by-l  output  control  vector 

•  Cy  =  18-by-18  constant  matrix 

The  output  vector  is  defined  as: 


Filtered  MMAC  control  to  PMAl 
Filtered  MMAC  control  to  PMAl  8 


(3.20) 


where  ts  then  combined  with  the  other  feedback  loop  inputs  to  form  the  total  input 
to  the  structure  block. 


The  fiiud  open  loop  system  model  can  be  developed  by  augmenting  all  the 
individual  components  together.  The  augmented  state  equation  is  given  by: 

x«(0  =  F«x«(0+B«u^(0+G„w(0  (3.21) 

where  the  augmented  system  matrices  are  given  by: 


K(24i24) 

^(iax24) 

_^s^n(S6*2nx2<) 


^(24x18) 

^/(18xI8) 


^(24x36+2it) 


'^s(36+2nxS6+2n) 


l78’*-2nx78+2n 


(3.22) 


B„  = 


B 


'(24xJ8) 

fUSxlS) 


V^l3Mnxl8)^7s^2nxl8 


(3.23) 


G 


as 


^itl24x6) 

^(36*2hx6) 


I7d*f2ii  x6 


and  w(r)  is  still  a  white  Gaussian  noise  vector  with  Q,  =  the  identity  matrix.  The 
augmented  state  vector  is  given  by: 


1 

• 

'1st  disturbance  state 

*24 

24th  disturbance  state 

*25 

1st  MMAC  filter  state 

*42 

18th  MMAC  filter  state 

*42 

• 

PMA  1  velocity 
« 

« 

*<W 

• 

PMA  18  velocity 

*tfi 

• 

• 

• 

1st  bending  mode  velocity 

• 

« 

*/M 

• 

nth  bending  mode  velocity 

*/<J9 

• 

PMA  1  position 

• 

• 

• 

*iatf 

• 

PMA  18  position 

*;«7 

1st  bending  mode  position 

.*2W. 

nth  bending  mode  position 

The  associated  augmented  output  equation  is  given  by: 

y«(0=c„x«(0 

where  the  augmented  output  matrix  is  given  by: 

Ca,  =  ^{56x18)  ^s(56x36*2n) 

and  the  output  vector  is  still  defined  by  Equation  (3. 17). 


(3.24) 


(3.25) 


(3.26) 


(3.27) 
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The  PMA  local  danq)ing  loop  is  formed  by  feeding  back  the  measurements  defined 
by  the  following: 

'*‘PUAldampih^-\}^ilSxl8)  )  (3.28) 

where  the  subscripted  numbers  for  (here  and  in  subsequent  equations)  refer  to  the 
iq)propriate  partitions  from  Equation  (3.17). 

The  LAC  loop  is  formed  in  a  similar  fashion  by  feeding  back  the  measurements 
defined  by  the  following: 

*LAc(^i)  (3.29) 

As  mentioned  is  Section  3.4.1,  no  additional  noise  is  added  to  these  loops.  The  values  for 
the  feedback  gains  on  these  two  feedback  loops  are  based  on  advice  from  Lockheed  [1]. 

The  measurements  input  to  the  MMAC  design  are  defined  by  the  following 
equation: 

=  =  I  *  +  (3-30) 

L*SvWV*ilJ  I  V  hi  8x1 8), 

Substituting  the  appropriate  partitions  of  Equation  (3.27)  into  Equation  (3.30)  results  in 
the  format  consistent  with  the  Kalman  filter  measurement  presentation  given  in  Chapter  2: 


^MMACinput^h 


*OSs(^i)  _  ^Cas(3-20) 


^as0i)  +  y(tih6xl) 


(3.31) 


where: 


•  ^hotACmput  -  36-by-l  measurement  ouq>ut  vector 

•  ^c<u(3-44)  ~  18-by-36+2n  constant  measurement  matrix 

•  ^cas{45-62)  ~  18-by-364'2n  constant  measurement  matrix 

•  v(^i  )  =  36-by-l  white  measurement  noise  vector  of  covariance  R,  (the  values 
for  R,  will  be  discussed  in  Chapter  4) 
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Finally,  all  the  individual  matrices  for  the  complete  truth  model  are  given  in  Appendix  A. 


3.5  Reduced  Order  Fitter  Models 

Since  the  state  order  magnitude  is  dominated  by  the  number  of  flexible  body 
modes,  this  will  be  tt»  primary  focus  of  order  reduction  efforts.  In  Gustafson's  research, 
the  largest  number  of  structure  modes  maintained  in  the  reduced  order  models  was  seven 
for  the  internally  balanced  method  and  six  for  the  modally  reduced  method.  However, 
very  little  success  was  obtained  at  this  level  of  reduction  [11].  This  may  have  resulted 
from  not  maintaining  enough  of  the  dominant  modes  [1].  For  this  research,  a  wider  range 
of  mode  selections  will  be  accomplished  in  the  order  reduction.  The  disturbance  states  are 
maintained  since  the  output  colored  noise  is  shaped  mainly  in  the  frequency  range  of  the 
lowest  (considered  dominant)  flexible  bending  modes.  Replacement  of  the  colored  noise 
with  white  noise  is  anticipated  to  cause  severe  performance  degradation  in  the  MMAC 
performance  [1]. 

In  Chapter  2,  three  methods  were  proposed  to  accomplish  the  desired  order 
reduction  on  the  structure  portion  of  the  truth  model.  The  inunediate  goal  is  to  reduce  the 
total  number  of  states,  thus  alleviating  the  computational  burden.  The  secondary  goal  is  to 
find  the  technique  that  is  the  most  successful  for  this  application.  Numerical  instabilities 
arose  when  attempting  to  determine  the  controllability  and  observability  gramians  for  the 
Internally  Balanced  Technique,  possibly  due  to  the  large-dimensioned  matrices  involved. 
However,  very  little  success  was  obtained  by  using  this  method  during  previous  research 
[11].  This  technique  was  subsequently  abandoned.  The  results  from  the  Modal  Reduction 
Technique  and  the  Modal  Cost  Technique  are  presented  in  the  following  two  sections. 

3.5.1  Modal  Reduction 

Table  3-1  contains  information  for  the  first  30  modes  of  the  flexible  body  portion 
of  the  structure  model.  Several  groupings  were  observed  in  the  natural  frequencies 
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(indicated  by  relatively  large  gaps  in  the  sequence).  These  gaps  provide  the  ideal  locations 
to  perform  the  modal  reduction  process.  Three  reduced-order  models  were  developed 
where  the  resulting  number  of  flexible  body  modes  was  12, 18,  and  26,  respectively.  Due 
to  the  extreme  size  of  all  the  design  models,  only  the  system  matrices  for  the  26-mode 
model  are  given  in  Appendix  B. 

For  purposes  of  comparison,  Bode  amplitude  ratio  plots  for  the  truth  model  and 
the  three  individual  filter  models  are  given  in  Appendix  C.  These  plots  indicate  the  open 
loop  frequency  response  of  the  structure  portion  of  each  model  for  each  of  the  9 
disturbance  inputs  observed  at  the  two  LOS  outputs.  Each  plot  shows  a  specific 
input/output  response  for  each  respective  filter  model,  with  the  corresponding  truth  model 
plot  superimposed  for  ease  of  conq;)arison.  As  can  be  seen,  there  is  a  very  good 
correspondence  between  all  the  filter  plots  and  the  truth  plots  at  the  lower  frequencies. 
Predictably,  the  similarities  lessen  at  the  higher  frequencies.  There  are  some  high 
frequency  inconsistencies  (large  dips  in  the  plots)  for  Figures  C-1,  C-2,  C-3,  C-10,  C-1 1, 
C-12,  C-13,  C-20.  C-21,  C-28,  C-29,  C-30,  C-31.  C-39,  C-43,  C-44,  C-48,  and  C-51. 
This  may  be  caused  by  the  modal  reduction  process,  where  the  information  maintained 
from  the  (eliminated)  higher  frequency  modes  somehow  adversely  impacts  the  frequency 
response  at  the  higher  frequencies. 

Of  special  note,  since  the  damping  ratios  are  very  small,  the  undamped,  0)„ ,  and 
damped  natural  frequency,  (0^  are  very  close  to  the  same,  (G)„  »  CD^). 
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Mode 

1 

Eigenvalue 

Damping  Ratio 

Natural  Frequency  (Hz) 

1 

-0.22±  43.29j 

0.0102 

6.889 

2 

-0.10±49.0()j 

0.0045 

7.800 

3 

-0.11±49.40j 

0.0047 

7.8622 

4 

-0.31  ±98.03j 

0.0064 

15.601 

5 

-0.33  ±  101. 60j 

0.0066 

16.172 

6 

-0.47  ±  106.85j 

0.0088 

17.007 

7 

-0.35  ±  121. 52j 

0.0058 

19.342 

8 

-0.91  ±  124.65j 

0.0146 

19.840 

9 

-0.56±130.94j 

0.0086 

20.839 

10 

-0.37  ±  138.53j 

0.0054 

22.047 

11 

-1.24±151.69j 

0.0164 

24.144 

12 

-0.57  ±  152.13j 

0.0076 

24.214 

13 

-1.39±199.83j 

0.0140 

31.805 

14 

-1.45±  207.39j 

0.0140 

33.008 

15 

-1.49±213.79j 

0.0140 

34.027 

16 

-1.53±219.70j 

0.0140 

34.967 

17 

-1.55  ±  222.66j 

0.0140 

35.439 

18 

-1.58±22a.63j 

0.0140 

36.071 

19 

-1.92±  275.24j 

0.0140 

43.807 

20 

-1.99±  285.58j 

0.0140 

45.453 

21 

-2.01  ±288.01j 

0.0140 

45.840 

22 

-2.09±  298.92j 

0.0140 

47.576 

23 

-2.16±  309.46j 

0.0140 

49.254 

24 

-2.18±312.05j 

0.0140 

49.666 

25 

-2.19±313.34j 

0.0140 

49.871 

26 

-2.21±316.51j 

0.0140 

50.376 

27 

-2.25  ±  322. 17j 

0.0140 

51.276 

28 

-2.28±326.76j 

0.0140 

52.007 

29 

-2.31±331.21j 

0.0140 

52.714 

30 

-2.56±366.25j 

0.0140 

58.292 

Table  3-1.  Modal  Eigenvalues  and  Natural  Frequencies  of  the  First  30  Modes 
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3.5.2  Modal  Cost  Reduction 

Table  3-2  contains  the  first  largest  30  component  cost  values  with  the 
corresponding  mode  numbers.  This  table  lends  credibility  to  the  assumption  that  the 
lowest  frequency  modes  are  dominant  in  the  structure's  dynamic  response,  since  many  of 
the  lowest  frequencies  appear  near  the  top  of  the  table  (1-13).  Once  again,  several  natural 
grouping  were  observed  (separated  by  relatively  large  gaps  in  the  sequence).  Three 
reduced-order  models  were  developed,  where  the  resulting  number  of  flexible  body  modes 
was  10,  IS,  and  20,  respectively.  Additionally,  a  26-mode  model  was  subsequently 
created  to  allow  direct  comparison  with  the  26-mode  model  using  the  modal  reduction 
technique.  Due  to  the  extreme  size  of  all  the  design  models,  and  since  the  26-mode 
model  is  of  most  interest  because  of  its  performance  potential,  only  the  system  matrices 
for  this  model  are  given  in  Appendix  D. 

Bode  amplitude  ratio  plots  for  the  original  three  individual  filter  models  are  given 
in  Appendix  E  (along  with  those  of  the  truth  model).  Similar  to  the  modal  case,  there  is  a 
very  good  correspondence  between  the  reduced-order  system  model  plots  and  the  truth 
model  plots  at  the  lower  frequencies  (but  not  as  good  as  in  the  modal  reduction 
technique).  Again,  the  similarities  lessen  at  the  higher  frequencies.  However,  the 
unexplained  inconsistencies  mentioned  in  Section  3.5.1  appear  less  frequently  (Figures 
E-3,  E-7,  E-9,  E-21,  E-25,  E-26,  E-35,  and  E-53).  Recall  that,  for  this  modal  cost 
reduction  technique,  the  modes  to  be  eliminated  are  simply  truncated  from  the  model,  so 
tl^re  is  no  residual  information  from  these  modes.  Therein  lies  another  subtle  difference 
from  the  modal  reduced  models,  since,  for  the  modally  reduced  technique,  the  higher 
frequency  modes  are  assumed  to  be  quelled  instantaneously.  The  remaining  system 
equations  incorporate  information  from  these  modes  as  illustrated  in  Section  2.7.3.  For 
the  modal  cost  technique,  no  such  assumption  is  made,  and  the  unwanted  modes  are 
eliminated  as  having  negligible  impact  on  performance. 


Cmupoiieiit 

Co6t(xl(H) 

Mode 

ConqMMient 

Cost(xl(H) 

Mode 

Component 

Cost(xl(H) 

Mode 

0.348758 

3 

0.004097 

7 

0.001411 

22 

0.344947 

2 

0.003547 

26 

0.001166 

35 

0.031164 

1 

0.003536 

24 

0.001089 

39 

4 

0.003502 

28 

0.000880 

34 

0.012824 

12 

0.003343 

23 

0.000485 

29 

0.008589 

8 

0.002837 

21 

0.000434 

30 

0.006154 

5 

0.002753 

6 

0.000266 

74 

0.005481 

9 

0.002652 

11 

0.000264 

70 

0.005147 

20 

0.002610 

25 

0.000262 

13 

0.004712 

27 

0.002578 

10 

0.000256 

99 

Table  3-2.  Top  30  Component  Cost  Values  and  Associated  Modes 


3.6  Physical  System  Parameter  Uncertainty 

In  Gustafson's  research,  the  system  sensitivity  to  the  damping  ratio  of  each  of  the 
flexible  bending  modes  was  determined  to  be  iwgligible  [11].  Likewise,  the  same  result  is 
assumed  for  the  present  system.  This  assumption  is  supported  by  the  additional  damping 
effects  of  the  rate  feedback  (LAC)  [1].  As  such,  this  research  will  investigate  only  the 
effects  of  uncertainty  inherent  in  the  natural  frequencies  of  the  structural  bending  modes. 
This  parameter  uncertainty  may  arise  for  several  reasons.  First  and  possibly  foremost,  a 
space  structure  is  subject  to  severe  variations  in  day  and  night  temperatures  [45].  In 
colder  temperatures,  the  natural  fiequencies  of  the  flexible  bending  modes  (as  a  group) 
will  tend  to  increase.  In  contrast,  in  times  of  solar  heating,  the  natural  frequencies  will 
decrease.  Other  minor  effects  result  from  physical  aging  and  fatigue.  The  combined 
effects  are  assumed  to  cause  uncertainties  well  beyond  the  level  of  robustness  inherent  in  a 
single  Kalman  filter/LQG  controller.  For  the  purposes  of  this  research,  the  natural 
fiequencies  are  assun^  to  vary  initially  by  ^Tproximately  ±  ten  percent  This  implies  that 
the  natural  frequencies  will  be  varied  as  one  group  based  on  a  percentage  scalar  multiplier 
of  the  nominal.  The  discretization  of  this  parameter  space  will  be  determined  by  sensitivity 
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analyses,  which  will  be  discussed  in  detail  in  Ch^ter  4.  The  resulting  discretized 
parameter  space  will  require  only  a  one-dimensional  bank  of  filter/controllers  in  the 
moving-bank  MMAC  design. 

3.7  Summary 

This  chapter  presented  the  SPICE-4  structure  currently  being  tested  at  the  Phillips 
Laboratory.  A  brief  description  of  the  physical  structure  was  provided,  along  with  a  more 
in-depth  look  at  the  full  system  model.  Several  assumptions  and  justifications  were 
presented,  which  led  to  the  resulting  truth  model  selection  for  this  research.  The  chapter 
continued  with  a  discussion  of  the  seven  reduced-order  filter  models  that  were  generated 
using  the  two  model  reduction  methods.  The  chapter  concluded  with  the  introduction  of 
the  uncertain  parameter  and  the  size  of  the  resulting  parameter  space. 

The  following  ch£q)ter  will  discuss  the  procedures  necessary  to  develop  and 
implement  a  MMAC  for  the  SPICE  Structure. 
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/V.  Simulation 


4.1  Introduction 

This  ch^ter  will  present  the  "tools"  necessary  to  analyze  the  effectiveness  of  the 
MMAE  and  MMAC  technique  as  applied  to  a  computer  simulation  of  the  SPICE-4 
structure  developed  in  Chapter  3.  These  tools  are:  (1)  Monte  Carlo  analysis,  (2) 
simulation  software,  and  (3)  the  analysis  plan. 

4.2  Monte  Carlo  Analysis 

The  Monte  Carlo  Analysis  is  required  to  obtain  statistical  descriptions  of  the 
MMAE  and  MMACs  performance.  Through  sequential  Monte  Carlo  runs  via  the 
simulation  software  (to  be  discussed  in  Section  4.3),  many  samples  of  the  process  are 
obtained  and  sample  statistics  are  subsequently  evaluated.  A  covariance  analysis  might  be 
considered  and  would  provide  useful  information,  but  analytically  derivable  covariance 
analysis  requires  that  the  system  under  investigation  be  fully  linear  (and  of  lesser  order  for 
computational  reasons)  [24:329].  However,  due  to  the  adiq>tive  nature  of  the  MMAE 
technique,  analytical  derivations  are  not  viable  and  the  covariance  analysis  is  not  available 
for  this  application. 

As  presented  in  Chiq)ter  3,  this  research  will  simulate  and  analyze  a  294-state  truth 
model  against  seven  different  reduced-order  filter  models.  Initially,  the  truth  model  will  be 
compared  against  a  full-order  filter  model  to  provide  a  benchmark  of  performance.  This 
full-order  filter  model  will  utilize  a  "full-order"  structure  model  (all  108  flexible  bending 
modes)  and  will  be  referred  to  as  the  truth  filter  model.  Each  reduced-order  filter  model 
will  have  the  same  basic  composition  as  the  truth  model  with  the  exception  of  the  flexible 
bending  mode  states.  The  first  three  reduced-order  filter  models  were  developed  using  the 
modal  reduction  method  and  will  be  referred  to  as  the  12-modal  filter,  18-modal  filter,  and 
26-modal  filter,  respectively,  to  indicate  the  number  of  flexible  bending  moctes  maintained 
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in  the  structure  block.  The  last  four  reduced-order  filter  models  were  developed  using  the 
modal  cost  reduction  method  and  will  be  referred  to  as  the  10-nK>dal-cost  filter,  IS-modal- 
cost  filter,  20-modal-cost  filter,  and  26-modal-cost  filter,  respectively,  to  indicate  the 
number  of  flexible  bending  modes  maintained  in  the  structure  block.  No  filter  based  on 
the  internally  balanced  method  is  being  evaluated  due  to  the  problems  encountered,  as 
discussed  in  Section  3.5. 

Two  types  of  simulations  will  be  conducted,  as  depicted  in  Figure  4-1,  where  one 
analyzes  the  estimator  and  the  other  analyzes  the  controller.  The  variables  shown  in 
Figure  4-1  are  as  follows: 

•  =  the  truth  model  states 

•  )  =  filter  estimates  of  the  system  states 

•  a,(tj)  =  the  uncertain  parameter  vector  implemented  in  the  truth  model 

•  (tj )  s  filter  estimates  of  the  uncertain  parameter  vectm* 

•  ^a(0  -  ^  parameter  estimate  defined  as:  s  a,(r,)-a^(/,) 

•  the  error  in  the  system  estimate 

The  following  sections  will  present  the  error  vector  formulation  and  the  error  vector 
statistics. 

4.2.1  Error  Vector  Formulation 

In  this  research,  evaluation  of  the  X  and  Y  line  of  sight  (LOS)  deviations  will 
indicate  i  s  performance  capability  of  the  reduced-order  filter  models.  A  general  error 
vector  is  determined  by  subtracting  the  estimated  X  and  Y-axis  values  from  the  true  X  and 
Y-axis  values,  respectively,  and  results  in  a  measure  of  the  accuracy  of  the  reduced-order 
filter's  estimate  (Figure  4- 1(a)).  The  equation  to  determine  this  error  vector  is  given  by: 

e,(t,)  =  C,x,(fi)-  I,CfXf^(ti)pj(ti)  (4.1) 
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where  C,  and  Cf^  are  the  output  matrices  used  to  determine  the  X  and  Y  LOS  deviations 
for  the  truth  model  and  filter  model  respectively.  The  summation  in  Equation  (4.1)  is 
appropriate  for  the  MMAE  mq)lementation  as  [nresented  in  Chapter  2,  where  the  subscript 
/represents  filter  and  the  index  j  indicates  which  of  the  Xbank  filter's  weighted  estimates 
are  being  summed.  TIk  specific  form  of  the  error  vector  is  given  by: 


ex,  ih)'  _  fX  -  axis  LOS  position  error' 
‘  ~  _Y -axis  LOS  position  error_ 


(4.2) 
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In  Figure  4- 1(b),  a  closed-loop  estimation  and  control  simulation  is  desired,  where 
the  controller  is  designed  to  regulate  the  position  deviations,  thus  attempting  to  drive  the 
vibrations  of  the  stmcture  to  zero.  The  same  type  of  statistical  analysis  can  be  perfcxmed 
in  this  case  as  was  dtme  for  the  estimator  simulation.  In  addition,  the  performance 
indicator  of  the  controller  capability  can  be  obtained  from  analysis  of  just  the  actual  X  and 
Y-axis  LOS  (teviations.  This  error  vector  is  given  by; 

=  (4.3) 

where  e' (t;  )  is  the  vector  of  LOS  deviations  from  the  truth  model. 

4.2.2  Error  Vector  Statisties 

The  statistics  of  primary  concern  are  the  sanq>le  mean  and  covariance  of  the 
estimation  error  and  control  processes.  The  mean  is  calculated  by  [18:74,42:67]: 

^{«*(^,)}  “  =  y  £e,,(tj)  (4.4) 

L>  tm] 

where  L  is  the  number  of  Monte  Carlo  rum  made  and  (t, )  is  the  value  of  the  error 
signal  during  the  simulation  at  tun  time  tj.  The  covariance  of  the  mean  eiror  signal  is 
calculated  by  [24:130]: 

P..(»,)=£{[*.ft)-£{e,(/,)}Ie,(»,)-£{e,(»,)}]^} 

(4,5) 

Through  a  similar  development,  the  statistics  for  the  parameter  estimation  enors, 
and  the  LOS  deviations,  e' (f;),  are  obtained  by  substituting  the  appropriate  variables  into 
Equations  (4.4)  and  (4.S).  Tlie  sample  statistics  calculated  in  this  research  will  be  based 
on  ten  Monte  Carlo  runs,  in  which  each  run  will  have  a  ten-sectmd  duration. 


4-4 


AdditiKHudly.  a  sec<xid  statistic  is  calculated  for  compact  tabular  presentatitm  and 
referred  to  as  the  temporal  average  of  the  RMS  value.  This  value  is  calculated  by  the 
following: 


e,=-i  forp-landl  (4.6) 

^  jmi-N*l 

where  is  the  temporal  average  of  the  con^)onent  of  or  e,  and  is  the  numb^ 
of  sample  periods.  For  this  research,  the  temporal  average  will  be  calculated  based  on  the 
last  five  seconds  of  the  nin  duration. 

4,3  Simulation  Software 

In  the  previous  thesis  research,  [1 1],  the  software  from  the  long  line  of  related 
topics  [14,15,18,33,37,42]  was  modified  to  suit  the  SPICE  application.  This  software 
(resident  on  Sun  workstations)  is  broken  into  three  separate  program  groups:  (1) 
preprocessor,  (2)  processor,  and  (3)  post  processor.  Each  of  these  program  groups  will 
be  discussed  individually  in  the  following  sections. 

4.3,1  Preprocessor 

IniiNited  Prqirooessor.  The  previous  preprocessor  was  separated  into  two 
separate  routines  which  implemented  a  MATRDCx  portion  [22]  and  a  FORTRAN  portion 
[10].  The  MATRIXx  code  first  discretized  the  truth  and  filter  models,  then  calculated  the 
steady-state  Kalman  filter  gains  and  the  steady-state  LQG  regulator  gains.  The  resulting 
information  was  stored  and  read  by  the  FORTRAN  cocte,  which  then  determined  the  filter- 
computed  state  covariance  and  the  residual  covariance  and  stored  the  information  in  a 
form  compatible  with  the  processor  code. 

Current  Prqwocessor.  A  coworker,  James  Fitch,  investigating  a  related 
research  topic  with  the  older  SPICE-2  model,  discovered  several  minor  discrepancies  with 
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the  MATRIXx  algorithms  that  produced  the  filter  and  controller  gains  [8,9].  This  led  to 
his  decision  to  convert  the  MATRIXx  code  to  MATLAB  [23]  code  where  there  was  more 
confidence  in  these  particular  calculations .  He  created  a  separate  program  to  read  the 
state  space  matrices  generated  and  stored  in  the  MATRIXx  SystemBuild  format  and  store 
them  in  a  form  compatible  with  MATLAB.  Additionally,  the  calculation  of  the  filter  state 
covariance  and  residual  covariance  was  incorporated  into  the  MATLAB  code  and 
removed  fix)m  the  FORTRAN  code.  Finally,  the  MATLAB  code  stored  the  information  in 
a  form  compatible  with  the  FORTRAN  code.  The  remaining  FORTRAN  code  was  left 
with  the  task  of  reading  the  information  from  the  MATLAB  ouQ)Ut  and  storing  it  in  a  form 
compatible  with  the  processor  code. 

The  resulting  MATLAB  code  still  needed  to  be  modified  to  accommodate  the  new 
SPICE-4  version.  Mostly  this  involved  changing  the  input  model  declarations  and  the 
input/output  relationships  for  the  Kalman  filter  state  equations. 

4.3,2  Processor 

Inherited  Processor:  The  previous  processor  code  (FORTRAN)  was  designed 
to  simulate  a  moving-bank  estimator/controller  for  the  SPICE-2  structure  via  Monte  Carle 
analysis.  The  FORTRAN  code  first  read  in  information  from  a  data  file  which  contained 
variables  for  the  specific  models  used  and  eliminated  the  need  to  change  the  actual 
{mx:essor  code  for  different  model  selections.  The  data  from  the  preprocessor  was  read 
into  the  respective  truth  and  filter  bank  matrices.  Then  the  processor  began  the  Monte 
Carlo  loops  by  propagating  the  truth  model  and  then  the  bank  of  filters.  Measurements 
were  taken  from  the  truth  model  to  be  used  in  the  update  portion  of  the  filter  models.  The 
respective  filter  probabilities  were  calculated  and  the  decisions  to  move,  contract,  or 
expand  the  bank  were  naade.  The  processor  code  had  subroutines  to  implement  the 
residual  monitoring,  probability  monitoring,  and  the  parameter  position  estimate 
monitoring  methods  for  dictating  the  bank  movement,  as  discussed  in  Section  2.4. 
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Likewise,  there  were  subroutines  to  implement  MMAC,  modified  MMAC,  MAP,  and 
single  changeable-gain  control,  as  discussed  in  Section  2.5.  The  code  was  written  to 
accommodate  bank  expansion  and  contraction.  The  white  Gaussian  noise  vectors  used  in 
both  the  dynamics  driving  noise  and  measurement  noise  generation  were  produced  by  a 
random  number  generator. 

Currait  Processor;  The  present  processor  operates  much  the  same  as  the 
previous  version,  as  very  few  changes  were  made  and  no  major  discrepancies  were  noted. 
However,  Fitch  [8,9]  modified  this  program  to  suit  the  needs  of  his  research,  but  the 
changes  were  transparent  with  respect  to  this  research. 

4.3.3  Post  Processor 

Inherited  Post  Processor:  The  previous  version  of  the  post  processor  read  data 
from  the  processor  and  generated  the  statistical  analysis  parameters  discussed  in  Section 
4.2.  The  specific  parameters  of  greatest  interest  are  the  mean  and  covariance  of  the 
estimation  position  errors,  the  true  LOS  deviations  with  control  applied,  and  the  uncertain 
parameter  estimation  errors.  The  output  generated  by  the  post  processor  was  compatible 
with  a  separate  plotting  routine. 

Current  Post  Processor:  Few  changes  were  made  to  the  previous  post  processor 
code  and  no  major  discrepancies  were  noted.  The  output  generated  was  compatible  with 
MATLAB  plotting  routines  and  was  used  for  all  the  plots  generated  in  the  remaining 
chapters. 

4.4  Analysis  Plan 

Part  of  the  goal  of  this  research  is  to  determine  which  of  the  reduced-order 
methods,  modal  reduction  or  modal  cost  reduction,  is  more  conducive  in  the 
filter/controller  design  for  error  estimation  and  regulation  control  of  the  true  LOS 
deviations.  Proper  tuning  of  the  dynamics  driving  noise  and  measurement  noise  values 


4-7 


will  be  the  first  step  in  this  determination.  Adjustment  of  the  controller  weighting  matrices 
will  be  the  next  step  in  accon^)lishing  the  best  controller  design.  After  selection  of  the 
most  effective  reduced-order  design,  the  sensitivity  to  parameter  changes  for  this  filter  will 
then  be  determined.  This  will  generate  the  parameter  space  discretization  to  be  used  in  the 
moving-bank  MMAC  parameter  identification  performance  analysis.  The  following 
sections  will  address  each  of  these  tasks  individually. 

4.4.1  Dynamics  Noise  Strength  and  Measurenunt  Noise  Covariance  Determination 
The  first  step  is  to  determine  the  specific  noise  levels  for  the  truth  model  dynamics 
driving  noise  strength  and  measurement  noise  covariance,  Q,  and  R,,  respectively.  Since 
the  disturbance  shaping  filters  in  the  SPICE-4  MATRDCx  system  build  model  were 
designed  with  a  unit  strength  white  noise  generator  for  the  inputs,  Q,  was  set  equal  to  the 
identity  matrix.  The  equivalent  discretized  dynamics  driving  noise,  ,  is  now 
rqrproximated  by  Equation  (2.74).  The  measurement  noise  shaping  filters  were  removed 
for  the  truth  model  and  replaced  with  an  equivalent  white  noise  of  covariance  R,. 
However,  the  replacement  white  noise  for  the  accelerometer  measurements  is  now  in 
terms  of  velocity  rather  than  the  original  acceleration  so  no  direct  comparison  could  be 
made  based  on  the  eliminated  shying  filters.  As  a  result,  it  was  necessary  to  obtain  an 
equivalent  value  for  the  velocity  noise  from  Lockheed  [1].  (The  noise  values  for  the  OSS 
measurements  were  also  obtained  from  Lockheed.)  These  values  are: 

K-n  [*0.05  nradiaiis/sqrt(Hz) 

K3-14  _  0.6  nradians/sqrt(Hz) 

Ks-ia  ^  n^crons  /  sqrt(Hz) 

K9-36  microns  /  sec  /  sqrt(Hz) 

wtere  the  superscript  *  indicates  these  are  not  true  variance  values  but  actually  indicate 
the  square  root  of  the  height  of  the  equivalent  continuous-time  white  noise  power  spectral 
density  (PSD)  plot.  In  order  to  determine  the  correct  discrete-time  covariance,  R^ ,  these 
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values  must  be  squared  and  multiplied  by  the  frequency  bandwidth  of  interest  (~  1- 100 
Hz). 

Filter  equivalent  values  for  and  can  now  be  determiired  by  tuning  the 
filter-predicted  standard  deviations  (from  the  filter  error  covariance)  to  the  true  error 
mean  plus  and  minus  true  error  standard  deviations  resulting  from  the  Monte  Carlo  runs. 

It  will  be  important  not  to  mask  the  performance  of  elemental  filters  in  the  MMAC  design 
by  adding  too  much  dynamics  driving  pseudonoise  to  the  filter  designs.  This  wiU  make  the 
parameter  identification  process  very  difficult.  The  actual  tuning  procedure  will  be 
discussed  in  more  detail  in  Chapter  5. 


4.4.2  Controller  Weighing  Matrices 

The  state  weighting  matrix,  X.  and  the  control  weighting  matrix,  U,  from 
Equation  (2.40)  are  determined  by  the  following  equation: 


X  =  p.C^C 

(4.8) 

V  =  pJ 

(4.9) 

where 

•  C  =the  filter  LOS  output  matrix  defined  in  Equation  (3.40) 

•  I  =  18-by-18  identity  matrix 

•  Pj,  ^scalar  state  weighting  value 

•  p„  =scalar  control  weighting  value 

The  initial  values  for  p^  and  p„  were  obtained  from  Lockheed  and  are  given  as  follows 

[1]: 

1 

[5.62  ^^adians]^  (4.10) 

1 

[85.0  Newtonsf 
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Lockheed  specifies  the  quadratic  cost  in  integral  form  versus  sununation  form,  but  for 
sample  times  as  small  as  utilized  in  this  research,  the  differences  are  assumed  to  be 
negligible.  The  weighting  coefficients  given  in  Equations  (4. 10)  and  (4. 1 1)  are  treated 
initially  as  the  typical  (first-cut)  form  of  [l/(maximum  allowable  value)^].  However,  the 
value  shown  in  Equation  (4.1 1)  is  considered  to  be  associated  with  a  maTimnm 
allowable  value  inq)osed  by  the  physical  limits  of  the  PMAs,  so  this  value  will  not  be 
adjusted  in  controller  tuning.  As  a  result,  only  will  be  adjusted  to  affect  the  state 
weighting  matrix.  Decreasing  the  value  of  the  denominator  in  will  increase  the 

"tightness"  of  control  expended  on  maintaining  the  state  value  near  zero.  The  actual 
controller  tuning  procedure  will  be  discussed  in  more  detail  in  Chapter  S 

4.4.3  Model  Anafysis 

Initially  the  truth  filter  model  (filter  based  on  the  truth  model)  will  be  investigated 
against  the  truth  model  to  provide  a  benchmaric  of  performance.  As  such  the  truth  filter 
model  should  provide  the  best  possible  controller  performance  on  which  to  base  the 
evaluation  of  reduced-order  models.  Very  little  filter  tuning  should  be  required  since  there 
is  no  order  reduction  between  the  truth  mo<tel  and  truth  filter  model.  Each  of  the  reduced- 
order  models  will  be  examined  in  turn  to  determine  which  will  provide  the  best  possible 
controller  performance.  If  the  performances  were  determined  to  be  similar,  then  the 
computation  differences  between  the  different  models  will  be  considered. 

The  reduced-order  filter  models  will  be  examined  in  the  following  order  (1)  12- 
modal  filter  (102  total  states),  (2)  18-modal  filter  (1 14  total  states),  (3)  26-modal  filter 
(130  total  states),  (4)  10-modal-cost  filter  (98  total  states),  (5)  15-modal-cost  filter  (108 
total  states),  (6)  20-modal-cost  filter  (118  total  states),  and  (7)  26-modal-cost  filter  (130 
total  states).  To  reiterate,  the  number  in  each  filter  refers  to  the  number  of  flexible  body 
modes  maintained  in  the  model.  The  other  states  are  the  same  for  the  truth  model  and  the 
filter  models  and  are  con^sed  of  the  following:  36  PMA  states,  18  controller  ouq)ut 
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filter  states,  and  24  disturbance  input  states.  The  reason  for  so  many  filter  models  is  to 
generate  filters  with  a  wide  range  of  flexible  body  states,  which  may  have  been  a 
contributing  factor  to  the  limited  success  for  reduced-order  filters  used  in  Gustafson's 
research  [11]  The  filter/controllers  will  be  evaluated  on  the  basis  of  their  ability  to 
represent  the  truth  model  accurately  and  their  capability  to  quell  the  structure  to  within  the 
required  specification.  Hiis  specification  is  the  one  micro-radian  allowable  X  and  Y  axis 
LOS  deviation  [1].  Plots  depicting  the  state  estimation  error  will  provide  the  necessary 
information  to  evaluate  the  estimation  accuracy  condition.  Likewise,  plots  depicting  the 
LOS  deviations  and  the  temporal  average  RMS  calculation  will  provide  the  necessary 
information  to  evaluate  the  control  condition.  After  the  completion  of  the  model  analysis, 
the  single  most  effective  reduced-order  model  design  will  be  selected  to  be  utilized  in  the 
sensitivity  analysis  and  in  the  subsequent  MMAC  ctesign. 

4.4.4  SensMvUy  Analysis 

As  discussed  in  Section  3.6,  the  natural  firequencies  of  the  flexible  bending  modes 
of  the  structure  form  the  basis  of  the  uncertain  parameter  space.  InitiaUy,  it  was 
envisioned  that  the  actual  discrete  parameter  points  in  the  space  would  be  determined  by 
performing  a  sensitivity  analysis.  This  would  be  accomplished  by  varying  the  percentage 
scalar  multiplier  of  all  the  natural  frequencies  within  the  flexible  bending  modes  in  the  truth 
model  in  one  direction  at  a  time  until  the  closed  loop  system  with  the  single 
filter/controUer  (based  on  the  nominal  value)  in  the  loop  becomes  unstable.  A  discrete 
parameter  value  is  declared  just  prior  to  this  point  (10  %  rollback),  where  the  difference 
firom  the  nominal  value  is  denoted  as  5(0/.  The  filter  is  then  updated  or  re-nominalized  to 
this  point  (e.g.,  multiplied  by  the  same  percentage  change).  Now  the  filter  model  and  the 
truth  model  reside  at  the  same  "new  nominal"  point.  Again,  the  truth  model  is  modified  in 
the  same  direction  until  the  closed  loop  system  with  filter/controller  in  the  loop  becomes 
unstable,  which  results  in  5(02  ^  parameter  point.  This  procedure  is  repeated 
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until  the  ten  percent  boundary  is  reached.  The  opposite  direction  is  tl^n  accon^)lished 
until  the  full  ±  ten  percent  parameter  space  is  completed.  Figure  4.2  illustrates  this 
procedure,  where  the  size  of  the  space  and  number  of  points  is  arbitrary  and  based  on  the 
results  of  the  sensitivity  analysis.  In  using  this  method,  it  is  important  to  note  that 
increasing  the  parameter  from  the  nominal  (plus  0-10%)  results  in  a  space  determined 
where  the  filter  is  underestimating  the  natural  frequencies.  Similarly,  decreasing  the 
parameter  from  the  nominal  (minus  0-10%)  results  in  a  space  determined  where  the  filter 
is  overestimating  the  natural  finequencies. 

However,  unanticipated  problems  occurred  (to  be  discussed  in  Ch£q)ter  5)  that  led 
to  the  decision  to  modify  this  approach.  The  resulting  parameter  space  was  determined 
simply  by  discretizing  every  O.S  percent  between  the  range  of  minus  2  to  plus  10  percent. 
This  results  in  a  21-point  one-dimensional  parameter  space. 

4.4.S  Parameter  Ident^ation  and  Control 

The  ability  of  the  moving  bank  of  filters  to  identify  the  true  parameter  will  be  of 
the  utmost  importance  prior  to  applying  L(^  control.  In  order  to  determine  this 
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ciq)ability,  nuiny  simulatioas  will  be  run  in  which  the  true  parameter  value  wiU  be 
positioned  or  moved  in  various  fashions.  First,  in  order  to  set  a  baseline  of  performance, 
the  true  parameter  (the  truth-model-based  parameter  value)  will  be  set  at  the  nominal 
value  (the  original  model  parameter  value  prior  to  parameter  variations  in  the  discretized 
space,  i.e.,  (D5).  Additionally,  the  moving  bank  of  filters  will  be  centered  at  this  nominal 
value.  Hence,  the  moving  bank  will  be  artificially  informed  initially  of  the  true  parameter 
value.  This  situation  might  arise  in  an  actual  implementation  if  the  filter  model  were  to  be 
based  on  an  accurate  depiction  of  the  real  world  system,  where  no  temperature  variations, 
fatique,  or  aging  have  occurred.  Next,  the  true  parameter  value  will  be  offset  from  the 
initial  location  of  the  center  of  the  filter  bank.  This  situation  might  arise  if  the  estimation 
and  control  system  were  inactive  for  a  period  of  time  and  suddenly  turned  on.  During  the 
dormancy  period,  the  real  world  system  might  have  been  subjected  to  a  temperature 
variation  that  caused  the  true  parameter  to  change.  The  third  type  simulation  will  center 
the  filter  bank  on  the  true  parameter  initially,  then  allow  the  true  parameter  to  make  a 
discrete  jump  to  a  new  location.  This  attempts  to  simulate  a  sudden  temperature  variation 
or,  possibly,  damage  to  the  real  world  system.  Finally,  the  true  parameter  will  be  allowed 
to  vaiy  slowly  over  a  period  of  time,  which  would  simulate  the  possible  temperature 
variatitms  arising  from  a  transition  into-  and  out-oFsunlight. 

Once  the  parameter  estimation  analysis  is  complete,  simulations  can  be  run  in 
which  L(^  control  is  applied.  The  optimal  situation  would  be  to  estimate  the  true 
parameter  accurately  prior  to  applying  L(^  control.  The  first  type  simulation  makes  this 
assumption,  such  that  the  filter/controller  bank  is  initially  centered  on  the  stationary  true 
parameter  value.  Although  it  might  be  desirable  not  to  apply  control  during  periods  of 
parameter  variations,  this  may  be  unavoidable.  The  second  and  third  type  simulations 
allow  control  to  be  tpplied  while  the  true  parameter  either  jumps  and  moves  slowly, 
respectively. 
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4.5  Summary 

This  chapter  has  presented  the  details  involved  with  accomplishing  the  desired 
performance  analyses  through  actual  simulations.  The  Monte  Carlo  analysis  method  was 
introduced,  as  well  as  the  performance  evaluation  criteria.  A  brief  discussion  of  the 
simulation  software  was  then  provided.  The  chapter  concluded  with  a  discussion  of  the 
simulation  analysis  plan  for  accomplishing  the  desired  objectives. 

Chapter  5  will  present  results  obtained  from  the  single  filter  performance  analysis, 
parameter  discretization  efforts,  and  the  moving-bank  MMAE/MMAC  performance 
analysis. 
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V  Results 


5,J  Introduction 

The  primary  purpose  of  this  thesis  is  to  quell  the  vibrations  induced  in  the  SPICE-4 
structure  under  the  assunqition  that  uncertain  parameters  are  present  in  the  dynamics  of 
the  flexible  body  modes.  The  further  assun^rdon  is  made  that  non-adaptive  controllers  do 
not  have  enough  inherent  robustness  to  design  parameter  variations  to  be  utilized  in  the 
actual  physical  itD|)lementation.  As  a  result,  tlM  concept  of  the  multiple  model  adaptive 
controller  (MMAQ  composed  of  a  bank  of  LQG  controllers  (each  involving  a  Kalman 
filter,  cascaded  with  an  LQ  regulator  con:. .  Act)  is  proposed  to  provide  the  required 
adrqrtation  process  to  quell  the  structure  despite  the  uncertainties. 

This  cluster  begins  with  a  discussion  of  the  tuning  procedures  used  in  the  filter 
and  controller  development.  This  is  followed  by  an  analysis  of  which  of  the  proposed 
reduced-order  filters  is  the  most  effective  at  meeting  the  tracking  requirements  levied  by 
the  Phillips  Laboratory.  The  issue  of  the  parameter  discretization  space  is  addressed  next. 
Finally,  the  resulting  performance  of  the  MMAE/MMAC  designs  are  presented. 

5.2  Tuning  Procedures 

This  section  discusses  the  specific  method  by  which  the  filters  and  controllers  are 
tuned.  In  this  tq>plication,  the  tuning  process  is  accorrq)lished  by  trial  and  error,  guided  by 
engineering  insight,  rather  than  more  sophisticated  methods.  The  individual  tuning 
parameters  are  presented  in  Table  F-1  of  Appendix  F. 

5.2.1  Filter  Tuning 

Tuning  the  filtos  is  accoa:q)lished  by  visually  examining  the  plots  of  the  mean 
estimation  error  and  mean  estimation  error  ±  one  standard  deviation  (±<7, )  calculated 
fiom  the  Monte  Carlo  runs  (Equations  (4.4)  and  (4.5))  versus  the  filter-predicted  mean 
error  (namely,  zero)  ±  one  standard  deviation  (±Of).  The  c^jective  is  to  have  the  filter- 


5-1 


predicted  ±G f  match  the  mean  estimation  eiror  ±0, ,  which  will  result  in  an  optimally 
tuned  filter.  The  filter-predicted  ±a  j  bounds  are  modified  alternately  adju^g 
(tuning)  the  dynamics  driving  noise  of  the  filter,  Q^.  and  the  measurement  noise 
covariance,  R ^ .  Raising  Q ^  implies  less  confidence  in  the  filter’s  system  model  and  will 
result  in  expansion  of  the  filter-predicted  ±a^  bounds.  Lowering  inches  more 
confidence  in  the  filter's  system  model  and  will  result  in  the  opposite  affect  on  the 
predicted  ±o  f  bounds.  Likewise,  raising  R f  inches  less  confidence  in  the  filter's 
measurement  update  (noisier  measurements)  and  will  result  in  expansion  of  the  filter- 
predicted  ±0 f  bounds.  The  opposite  is  also  true. 

Since  there  were  no  changes  made  between  the  truth  model  and  filter  models  for 
dynamics  driving  noise  or  the  measurement  noise  inputs,  the  primary  method  of  tuning 
Qf  and  Ry  was  by  adjusting  each  of  the  respective  values  by  a  scalar  multiplier.  This 
procedure  worited  well,  although  there  is  a  noticeable  difference  in  the  X  and  Y  axis' 
tuning,  respectively,  due  to  the  differences  in  the  two  axes  on  the  actual  SPICE  tripod 
structure  (reference  Figure  3-1).  In  the  truth  nx)del  prior  to  being  discretized,  the  value 
for  Q,  is  the  identity  matrix.  The  parameter  variations  for  displayed  in  Table  F-1  are 
scalar  multipliers  of  Q,  (e.g.,  1).  Similarly,  the  scalar  multipliers  for  R^  operate  on  the 
values  (considered  to  be  R,)  presented  in  Equation  (4.7).  However,  during 
implementation,  the  scalar  multiplier  was  applied  to  the  standard  deviation  of  the  values 
resulting  from  Equation  (4.7).  This  is  why  the  multiplier  decreases  rather  than  increases, 
as  would  be  the  typical  case  if  operating  on  the  variance  values  instead  of  the  standard 
deviations.  This  unconventional  procedure  resulted  in  a  rescaling  of  the  diagonal  terms 
relative  to  each  other.  (The  relative  differences  were  smaller  than  if  the  scalar  multiplier 
was  applied  to  R,.)  The  results  will  show  that  this  method  did  not  appear  to  cause  any 
iq>pteciable  degradation  in  the  MMAE/MMAC  performance.  As  will  be  seen,  changing 
R  f  had  the  greatest  impact  on  the  filter-predicted  ±a^  bounds,  whereas  changing 
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had  very  little  impact  and  was  kept  very  small  in  view  of  the  desire  of  not  masking 
parameter  changes.  It  should  be  noted  that  the  scalar  multiplier  for  of  the  truth  filter 
model  (filter  based  on  the  truth  model  with  no  purposeful  order  reduction)  does  not  result 
in  the  expected  individual  variances  for  each  of  the  respective  measuremmt  devices.  The 
unconventional  manner  in  which  R  f  was  obtained  may  have  been  partly  responsible  for 
this  result  However,  the  resulting  values  are  dramatically  larger  than  should  have  been 
necessary  (i.e.,  0.007  x  o  »  ).  InitiaUy,  the  tuning  parameters  attained  for  the  filter 

based  on  the  nominal  0)„  parameter  values  were  maintained  for  each  of  the  filters  in  the 
discretized  space,  since  the  in^iact  of  the  09,  parameter  variations  was  anticipated  to  be 
negligible.  Later  in  this  report,  this  assumption  will  be  shown  to  be  in  error. 

S.2.2  CoiOroUer  Tuning 

As  briefly  mentioned  in  Clu^}ter  4,  only  the  scalar  weight  affecting  the  state 
weighting  matrix  was  adjusted  for  controller  tuning,  since  the  value  for  the  control 
weighting  matrix  was  assumed  to  be  at  its  limiting  admissible  value.  Tuning  the  ccxitroller 
was  a  simple  matter  of  adjusting  the  scalar  state  weighting  value  until  the  point  of  closed 
loop  system  instability  was  reached  (determined  visually  by  a  divergence  in  the  enm 
estimation  plots  or  the  LOS  plots).  This  point  implies  the  "tightest"  possible  state  values 
will  be  obtained  with  slightly  smaller  state  weightings.  The  weighting  value  was  then 
tuned  back  10  percent.  Once  again,  this  value  was  used  initially  for  aU  of  the  controllers  in 
the  discretized  parameter  space.  The  10  percent  rollback  still  maintained  effective  control, 
yet  diminished  sensitivity  to  tuning  and  parameter  variations  in  the  final  parameter  space. 

S.3  Model  Analysis 

This  section  presents  the  results  of  the  tuned  truth-model-based  and  reduced-order 
filters  and  steady-state  L(^  controllers.  The  results  are  summarized  at  the  end  of  this 
section.  For  this  analysis,  a  single  filter/controller  combination  based  on  the  nominal  truth 
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model  is  being  utilized  The  respective  plot  results  for  filters  and  controllers  based  on  the 
truth  and  all  reduced-order  models  are  given  in  Appendix  F. 

5.3.1  Truth  Fat0r  Model 

This  subsection  wiU  present  the  performance  results  of  the  truth-model-based  filter 
aiKl  cmitroUer.  These  results  will  provide  a  benchmark  of  perfcmnance  to  which  to 
conqiare  the  subsequent  reduced-order  models. 

Figures  F-1  and  F-2  display  the  truth  model's  LOS  deviatimis  with  no  LQG  control 
applied.  Recall  from  Chapter  3,  that  there  is  closed  loop  control  in  the  form  of  simple  rate 
feedback  (LAC)  applied  to  the  structure.  When  references  are  muHa  to  control  or  no 
ctmtrol,  this  is  strictly  reforing  to  the  iq)plicati<Mi  of  LQG  control  since  the  LAC  feedback 
loop  is  active  in  all  simulations.  For  no  control,  the  temporal  average  RMS  values  for  the 
truth  model  X  and  Y  axis  LOS  deviations  are  9.3248  micro-radians  1S.7468  and  micro¬ 
radians  re^)ectively.  (From  this  point  cm,  references  to  the  term  RMS  will  in^ly  a 
tenqwral  average.)  This  clearly  indicates  the  need  for  an  additional  type  of  control  to 
quell  the  structure's  vibratitMis  to  within  the  one  micro-radian  specification. 

Hgures  F-3  and  F-4  illustrate  the  error  in  the  Kalman  filter  estimate  of  the  LOS 
deviations.  The  hmrizontal  solid  lines  indicare  the  filter-predicted  standard  deviation  of  the 
error  of  the  estimate.  Recall  that  this  value  results  from  the  assuiiq)tion  of  a  zero-mean 
error  and  is  a  steady  state  value.  The  other  lines  indicate  the  mean  and  mean  ±  one 
standard  deviation  of  the  true  error  in  the  estimate  resulting  from  the  ten  Monte  Carlo 
runs. 

Figures  F-S  and  F-6  illustrate  the  dramatic  reduction  in  the  LOS  deviations  when 
L(^  control  is  applied  at  the  one  second  maik.  The  resulting  RMS  values  are  0.471 1 
micro-radians  for  the  X-axis  LOS  and  0.6632  micro-radians  for  the  Y-axis  LOS.  Thus 
the  controller  based  on  the  truth  model  indicates  the  capability  to  control  the  structure  to 
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well  within  the  one  micro-radian  specification.  Again,  the  discrepancy  between  the  X  and 
Y  axis  values  are  due  to  the  differences  inherent  in  the  geometry  of  the  tripod  structure. 

Of  course,  inq>lementing  a  full-<xder  filter/controller  such  as  this  would  be 
computationally  infeasible.  The  underlying  anticipation  is  to  have  a  much  reduced-order 
filter/controller  performance  closely  compare  with  this  full-order  filter/controller 
performance. 

5.3.2  12-,  18;  and  26-Modai  Models 

This  subsection  presents  the  perfonnaiu:e  results  of  the  modally  reduced 
filter/controllers.  Recall  from  Qiapter  3,  that  the  design  model  name  includes  the  number 
of  flexible  bending  modes,  n,  maintained  in  the  model  and  that  the  total  number  of  states  is 
78  -f  2n.  Figures  F-7  through  F-18  t^ly  to  this  subsection. 

12-Modal  Model.  Figures  F-7  and  F-8  illustrate  the  filter  tuning  and  Figures  F-9 
and  F-10  illustrate  the  results  when  LQG  control  is  applied.  The  resulting  RMS  values  are 
3.6082  micro-radians  for  the  X-axis  LOS  and  S.3 1 14  micro-radians  for  the  Y-axis  LOS. 
The  controller  does  have  an  effect  on  the  LOS  deviations,  yet  does  not  meet  the 
specification.  No  doubt,  this  is  attributed  to  not  maintaining  enough  of  the  dominant 
flexible  bending  noodes  in  the  filter/controller.  Comparing  the  magnitudes  of  the 
estimation  error  plots  (F-7,8)  with  those  of  the  truth-model-based  filter  (F-3,4),  this  result 
was  predictable  as  the  average  error  is  roughly  double  that  of  the  truth-model-based  filter. 

18-Modal  Model.  Hgures  F-1 1  and  F-12  illustrate  the  filter  tuning  and  Figures 
F-13  and  F-14  illustrate  the  results  when  control  is  t^lied.  The  resulting  RMS  values  are 
3. 1 139  micro-radians  for  the  X-axis  LOS  and  4.582  micro-radians  for  the  Y-axis  LOS. 
These  results  ate  very  interesting  since  the  estimation  errors  are  actually  levsser  in 
magnitude  than  for  the  case  of  the  truth-model-based  filter/controUer,  yet  the  resulting 
control  is  only  slightly  better  than  the  12-modal  model.  It  is  possible  that  these  additional 
modes  ate  highly  observable,  thus  having  a  large  inq)act  on  reducing  the  estimation  error. 


but  they  are  not  equally  as  controllable,  thus  accounting  for  the  slight  decrease  in  the  RMS 
LOS  values  from  that  of  the  12-nK)dal  model.  Or,  there  may  be  additional  modes  that 
must  be  included  in  the  controller  before  the  LOS  deviations  can  be  effectively  reduced  to 
specifications. 

26-Modal  Model.  Figures  F-IS  and  F-16  iUustrate  the  filter  tuning  and  Figures 
F-17  and  F-18  illustrate  the  results  when  control  is  applied.  The  resulting  RMS  values  are 
0.6824  micro-radians  for  the  X-axis  LOS  and  1.012  micro-radians  for  the  Y-axis  LOS. 
This  design  model  is  effective  in  terms  of  both  the  estimation  error  and  the  control  of  LOS 
deviations.  It  should  be  noted  that,  due  to  the  relatively  large  difference  in  the 
performance  results  between  the  two  axes,  each  axis'  performance  will  be  addressed 
separately.  The  one  micro-radian  specification  is  met  to  within  an  acceptable  margin  (+.02 
micro-radians)  for  the  X  axis,  while  the  Y  axis  is  well  within  the  specification.  There  is 
some  relative  control  degradation  (as  compared  to  the  truth-model-based  filter/controUer) 
of  45  percent  and  S3  percent  in  the  X  and  Y  LOS  axes,  respectively.  This  level  of 
degradation  is  still  highly  encouraging,  considering  the  dramatic  level  of  order  reduction 
involved. 

5.3.3  10-f  15’,  20~f  and  Id-Modtd  Cost  Models 

This  subsection  presents  the  performance  results  of  the  modal-cost-reduced 
filter/controllers.  Figures  F-19  through  F-34  ^ly  to  this  subsection. 

10-Modal>Cost  Model.  Figures  F-19  and  F-20  illustrate  the  filter  tuning  and 
Figures  F-21  and  F-22  illustrate  the  results  wl^n  control  is  q>plied.  The  resulting  RMS 
values  are  2.0847  micro-radians  for  the  X-axis  LOS  and  2.6027  micro-radiaxis  for  the  Y- 
axis  LOS.  Here  is  another  interesting  result.  The  estimation  errors  are  worse  than  for  any 
of  the  previous  filter  models,  but  the  resulting  RMS  LOS  values  are  actually  better  than 
either  the  12-  or  18-modal  filter/controllers.  This  result  supports  the  hypothesis  upon 
which  this  form  of  reduced  order  model  was  based:  the  modes  which  have  the  greatest 
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effect  on  the  LOS  output  should  be  maintained  in  the  design  model.  This  does  not 
necessarily  imply  that  these  modes  are  highly  observable,  hence  the  poor  estimation 
performance.  However,  although  the  controller  performance  is  superior  to  that  of  the  12- 
and  18-modal  filter/controllers,  the  one  micro-radian  specification  is  not  met. 

IS'Modal'Cost  Model.  Figures  F-23  and  F-24  illustrate  tl^  filter  tuning  and 
Figures  F-2S  and  F-26  illustrate  the  results  when  control  is  applied.  The  resulting  RMS 
values  are  2.06S6  micro-radians  for  the  X-axis  LOS  and  2.6213  micro-radians  for  the  Y- 
axis  LOS.  Somewhat  disturbing,  these  results  are  not  easily  explained.  Although  the 
estimation  errors  are  less  than  for  the  10-modal-cost  filter/controUer,  the  resulting  RMS 
values  are  practically  the  same.  It  is  possible  that  the  additional  modes  are  more 
observable,  yet  do  not  provide  additional  controllability  to  the  system,  which  is  contrary  to 
the  modal  cost  hypothesis. 

20>Modal>Cost  Model.  Figures  F-27  and  F-28  illustrate  the  filter  tuning  and 
Figures  F-29  and  F-30  illustrate  the  results  when  control  is  q>plied.  The  resulting  RMS 
values  are  1.6152  micro-radians  for  the  X-axis  LOS  and  2.3145  micro-radians  for  the  Y- 
axis  LOS.  In  this  case,  the  RMS  values  are  more  encouraging  than  for  the  15-modal-cost 
filter/controller,  yet  stiU  do  not  meet  the  one  micro-radian  specification.  Although  the 
number  of  modes  is  close  to  the  number  included  in  the  18-modal  filter/controller,  the 
level  of  control  ct^ability  is  roughly  twice  as  good.  At  least  for  the  lower  number  of 
modes,  the  modal  cost  method  appears  to  out-perform  the  modal  method  dramatically. 

26*Modal*Cost  Model.  Figures  F-3 1  and  F-32  illustrate  the  filter  tuning  and 
Figures  F-33  and  F-34  illustrate  the  results  when  control  is  applied.  The  resulting  RMS 
values  are  0.6646  micro-radians  for  the  X-axis  LOS  and  1.0032  micro-radians  for  the  Y- 
axis  LOS.  These  results  show  that  the  modal  cost  method  is  still  more  effective  than  the 
modal  method  as  the  number  of  modes  is  increased,  but  not  as  dramatic  as  in  the  lower 
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order  filters.  Likewise,  the  one  micro-radian  specification  is  met  once  26  modes  are 
included  in  the  design  model. 

5.3.4  Additional  FUter/ControUer  Design  Models 

26-Modal  Truncated  Model.  This  noodel  was  developed  as  a  result  of  problems 
encountered  in  the  parameter  discretization  analysis  (to  be  discussed  in  Section  5.4). 
Figures  F-35  and  F-36  illustrate  the  filter  tuning  and  Figures  F-37  and  F-38  illustrate  the 
results  when  control  is  jq)plied.  The  resulting  RMS  values  are  0.646S  micro-radians  for 
the  X-axis  LOS  and  0.9825  micro-radians  for  the  Y-axis  LOS.  This  design  model  proved 
to  be  the  most  effective  of  all  the  models,  as  seen  by  its  ability  to  meet  the  one  micro¬ 
radian  specification  with  a  greater  mai^. 

5.3.5  Section  Review 

Table  5-1  reviews  the  relative  performance  of  each  of  the  individual 
filter/controller  design  models.  Since  the  26-modal-cost  filter/controlier  indicated  the  best 
performance  of  reduced-order  controllers  based  on  the  original  two  order  reduction 
methods,  this  model  was  utilized  in  the  initial  paramet^  discretization  analysis.  However, 
problems  encountered  (to  be  discussed  in  Section  5.4)  led  to  other  filter  model  utilizations. 

5.4  Discretization  of  Parameter  Space 

Discretizing  the  parameter  space  using  the  initial  method  described  in  Section  4.7 
resulted  in  several  problems.  The  first  t^tpeared  when  performing  the  sensitivity  analysis 
on  the  26-modal-cost  filter/controller.  After  determining  the  first  new  discretized  point  at 
approximately  a  one  percent  change  in  parameter  value,  and  before  the  second  new  point 
was  atten^ted.  a  "check  run"  was  made.  After  re-nominalizing  the  filter/controller  model 
at  the  first  point  and  leaving  the  truth  model  at  the  same  point,  a  simulation  was  run  to  re¬ 
test  the  performance  at  this  "new  nominal"  value.  The  resulting  filter/controlier 
performance  was  unstable,  and  only  through  re-tuning  of  the  filter  and  "loosening"  of  tl^ 
scalar  state  weighting  value  was  the  filter/controller  made  stable.  Still,  the  best 
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Design  Model 

X-Axis  Deviation 

Y-AxIs  Deviation 

Truth 

0.4711  [irads 

0.6632  prads 

12-Modal 

3.6082  prads 

5.3114  prads 

18-modal 

3.1139  prads 

4.582  prads 

26-Modal 

0.6824  prads 

1.012  prads 

10-Modal-Cost 

2.0847  prads 

2.6027  prads 

15-Modal-Cost 

2.0656  prads 

2.6213  prads 

20-Modal-Cost 

1.6152  prads 

2.3145  prads 

26-Modal-Cost 

0.6646  prads 

1.0032  prads 

26-Modal-Truncated 

0.6465  prads 

0.9825  prads 

Table  5-1.  Filter/Controller  Model  Perfonnance  Results 


possible  controller  performance  was  degraded  by  ~S0  percent  from  that  obtained  at  the 
original  nominal.  It  is  possible  that,  at  the  new  nominalized  value,  the  modal  cost 
technique  would  determine  a  new  set  of  desirable  modes  to  be  maintained  that  are 
different  fix)m  the  original  model. 

The  26-modal  filter/controller  also  had  severe  problems.  The  MatrixX  algorithm 
(MREDUCE)  [22]  which  accomplished  the  desired  order  reduction  was  unable  to  provide 
a  reduced  order  model  for  parameter  values  less  than  95  percent  of  the  nominal  (e.g.,  a 
five  percent  reduction  in  the  nominal  values  for  the  natural  frequencies).  This  was  due  to 
a  near  singular  matrix  present  in  the  truth  model  that  exceeded  the  computational  accuracy 
of  the  computer.  Additionally,  for  parameter  changes  corresponding  to  lowered 
undanq)ed  natural  frequencies,  the  controller  performance  became  severely  degraded. 
Filter  re-tuning  did  not  resolve  the  problem.  At  a  2  percent  reduction  in  the  nominal 
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parameter,  the  best  possible  controller  performance  was  already  degraded  by  ~20  percent. 
It  is  speculated  that,  due  to  ill-conditioned  matrices,  the  MATLAB  algorithms  for  tl^ 
steady-state  Kalman  filter  gain  (DLQE)  and  steady-state  LQG  control  gain  (DLQR)  [23] 
had  numerical  problems,  which  resulted  in  the  poor  performance. 

With  these  problems  in  mind,  the  26-modal  truncated  model  was  created,  in  which 
the  higher  frequency  modes  were  sinqrly  ttunciUed  from  the  system  model.  This  is  similar 
to  the  modal-cost  reduction  method  in  that  the  unwanted  modes  are  removed  from  the 
system  model  in  the  same  manner.  However,  this  is  different  from  the  modally  reduced 
method,  where  the  system  model  is  still  a  function  of  the  eliminated  higher  frequency 
modes  in  the  form  of  the  direct  feedthrough  terms,  as  presented  in  Section  2.7.3. 

A  sensitiviQr  analysis  was  performed  for  the  filter/controller  based  on  this  design 
model,  but  the  same  problem  as  for  the  26-modal  reduced  model  was  encountered.  Again, 
the  controller  performance  became  degraded  with  a  reduction  in  the  nominal  parameter 
value  (to  about  the  same  degree  as  the  26-modal  model). 

In  testing  these  models,  several  statements  can  be  made  about  the  performance  of 
each  model  about  the  nominal  parameter  value.  Every  model  had  more  difficulty  when  the 
design  model  underestimated  the  natural  frequencies  than  when  the  design  model 
overestimated  the  natural  frequencies.  Each  closed-loop  system  with  activated 
filter/controller  became  unstable  at  a  one  percent  increase  (proximate)  in  the  actual 
system  parameter  value,  whereas,  it  was  not  until  a  two  percent  decrease  (approximate) 
that  the  closed-loop  systems  became  unstable.  The  26-modal  reduced  model  appeared  to 
be  the  most  robust  in  this  range,  whereas  the  truncated  model  appeared  to  be  the  least 
robust. 

With  all  these  issues  in  mind,  it  was  decided  to  modify  the  parameter  space  size. 
Limiting  the  parameter  reduction  to  two  percent  alleviated  the  problem  with  poor 
controller  performance  past  this  range.  The  underlying  factor  is  that  this  type  of 
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filter/controller  design  is  ineffective  beyond  this  range  and  other  techniques  should  be 
pursued.  Next,  since  using  the  controller  stability  criterion  resulted  in  only  10  parameter 
points  in  the  range  of  -2  to  -I-IO  percent  parameter  change,  the  parameter  space  was 
limited  to  -2  and  +8  percent  and  discretized  at  every  0.5  percent  change  (21  points).  This 
allowed  for  a  full  demonstration  of  the  moving-bank  MMAC  design  method,  which  would 
have  been  limited  with  a  smaller  space.  Finally,  the  26-modal  reduced-order 
fUter/contcoUer  was  deemed  the  most  appropriate  to  be  used  in  the  subsequent  analyses 
due  to  its  level  of  robustness  relative  to  both  the  26-modal  truncated  model  and  the  26- 
modal-cost  model. 

5.5  MMAE  Petformance 

This  section  presents  the  results  obtained  from  simulations  implementing  the 
MMAE  design  method  utilizing  many  of  the  specific  techniques  discussed  in  Sections  2.3 
and  2.4.  However,  several  techniques  were  not  investigated,  based  on  the  results  of  past 
research,  favorable  results  of  initial  simulations  in  this  research,  and  program  coding 
limitations.  Each  of  the  simulations  attempt  to  emulate  situations  possible  in  a  real  world 
system  as  discussed  in  Subsection  4.4.S.  The  plots  addressed  in  this  section  are  presented 
in  A{^ndix  G.  Although  there  is  no  legend  on  each  of  the  plots,  it  should  be  readily 
apparent  that  the  true  parameter  position  is  indicated  by  the  straight  lines  and  the 
parameter  position  estimate  (mean  value  obtained  ftom  a  ten  run  Monte  Carlo  analysis)  is 
indicated  by  the  wavering  lines. 

Previous  research  obtained  the  best  results  using  the  ME/I  density  conq>utation 
(recall  Subsection  2.3.2)  in  determination  of  the  final  state  estimate  [1 1].  Consequently, 
this  approach  was  implemented  initially  in  this  research.  Due  to  the  relatively  poor 
performance  of  this  method  (to  be  discussed  in  Subsection  5.5.1),  the  original  method, 
using  the  full  Bayesian  MMAE  form,  was  adopted.  As  will  be  shown,  excellent  results 
were  obtained  using  this  method.  Based  on  these  results  and  the  poor  performance  in  past 
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research  [1 1]  associated  with  the  other  modifications,  MAP  and  MAP  with  ME/I  (recall 
Subsection  2.3.2)  were  not  investigated. 

Of  the  four  methods  for  moving  the  filter  bank  (recall  Subsection  2.4.1),  only  three 
methods  were  investigated.  The  parameter  position  and  velocity  estimate  monitoring 
method  was  not  attempted  as  the  inherited  program  was  not  coded  for  this  method  and  the 
extra  time  to  accomplish  this  was  not  warranted,  based  upon  performance  results  of  earlier 
applications  of  this  method  [14,30].  Comparisons  of  the  remaining  three  methods: 
residual  monitoring,  probability  monitoring,  and  parameter  position  estimate  monitoring, 
were  carried  throughout  the  rest  of  the  MMAE  and  MMAC  analyses. 

Many  different  parameter  position  variation  combinations  were  simulated  under 
the  general  guidelines  discussed  in  Subsection  4.4.5.  Only  a  small  subset  of  these  will  be 
presented  in  Appendix  G.  It  was  desired  to  determine  worst  case  simulations  for  the  types 
of  variations  discussed,  which  are  then  carried  throughout  the  rest  of  the  research.  Each 
of  the  simulations  were  based  on  10  Monte  Carlo  runs  of  10  second  duration  (except 
where  noted). 

For  the  case  of  an  initially  artificially  informed  filter  bank  (bank  center  model-based 
parameter  value  initially  matches  the  truth-model-based  parameter  value)  and  unmoving 
true  parameter,  several  points  were  simulated;  namely,  (Oy  (nominal),  (Ojq,  COjy,  and  (Ojo. 
Since  there  was  a  negligible  difference  between  the  results  at  any  of  the  points,  only  the 
results  from  0)5  are  presented  in  Appendix  G.  In  the  respective  figures  of  Appendix  G, 
this  simulation  is  referred  to  as  "parameter  match". 

For  the  case  of  an  initial  offset  between  the  truth-model-based  parameter  value  and 
the  filter  bank  center  model-based  parameter  value,  the  foUowing  combinations  were 
simulated  with  a  five  second  duration;  (1)  bank  center  initially  at  dOj  and  true  parameter 
position  at  COjj,  (2)  bank  center  initially  at  <Oy  and  true  parameter  position  at  (Oj^,  (3) 
bank  center  initially  at  (Oj  and  true  parameter  position  at  C02o>  (4)  bank  center  initially  at 
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(0^7  parameter  position  at  (O5,  and  (5)  bank  center  initially  at  (D;7  and  true 

parameter  position  at  Og .  Although  there  were  differences  noted  (to  be  discussed  in 
Subsection  5.5.2),  only  combinations  (2)  and  (4)  are  presented  in  Appendix  G.  In  the 
respective  figures  of  Appendix  G,  these  simulations  are  referred  to  as  parameter  offsets 
either  up  or  down,  as  ^propriate. 

The  case  of  discrete  parameter  position  jumps  (at  the  five  second  marie)  was 
simulated  with  the  following  combinations;  (1)  initial  bank  center  and  true  parameter 
position  at  0)5  with  a  jump  in  the  true  parameter  position  to  (0/^,  (2)  initial  bank  center 
and  true  parameter  position  at  (Oj  with  a  jump  in  the  true  parameter  position  to  Oijj,  (3) 
initial  bank  center  and  true  parameter  position  at  0)5  with  a  jun^  in  the  true  parameter 
position  to  (Ojg,  (4)  initial  bank  center  and  true  parameter  position  at  (Oj  with  a  jump  in 
the  true  parameter  position  to  (0;^,  (5)  initial  bank  center  and  true  parameter  position  at 
(0;7  with  a  jump  in  the  true  parameter  position  to  (O5,  and  (6)  initial  bank  center  and  true 
parameter  position  at  (Oj^  with  a  jump  in  the  true  parameter  position  to  (Og .  Only 
combinations  (2)  and  (5)  are  presented  in  Appendix  G,  where  the  differences  are  discussed 
in  Subsection  5.5.2.  In  the  respective  figures  of  Appendix  G,  these  simulations  are 
referred  to  as  parameter  jumps  either  up  or  down,  as  appropriate. 

Finally,  for  the  case  of  slowly  moving  parameter  position  values,  only  two 
simulations  were  accoiiq)lished;  (1)  initial  bank  center  and  true  parameter  position  at  0)2 
with  small  discrete  positive  jumps  in  the  true  parameter  position  every  2  seconds  for  30 
seconds,  (2)  initial  bank  center  and  true  parameter  position  at  (Ojg  with  small  discrete 
negative  jumps  in  the  true  parameter  position  every  2  seconds  for  30  seconds.  Both  of 
these  examples  are  presented  in  Appendix  G.  In  the  respective  figures  of  Appendix  G, 
these  simulations  are  referred  to  as  parameter  moves  either  up  or  down,  as  ^propriate. 

In  any  of  the  situations  simulated  for  this  section,  the  resulting  X  and  Y  LOS 
estimation  error  plots  are  essentially  identical.  As  such,  only  Figures  G-1  and  G-2  are 


I»esented  as  single  representative  examples.  Additionally,  these  plots  are  indistinguishable 
from  those  of  the  single  filter  analysis  (compare  with  Figures  F-IS  and  F-16).  For 
reference,  these  two  plots  were  obtained  from  the  simulation  resulting  in  Figure  G-17 
(presented  out-of-order  for  purposes  of  this  discussion). 

5.S.1  ME/l  Ferformance 

This  subsection  discusses  the  performance  results  of  the  parameter  position 
estimation  simulations  in  which  the  final  state  estimate  is  determined  by  utilizing  the  ME/I 
method  as  a  modification  to  the  original  Bayesian  form.  Additionally,  the  parameter 
position  estimate  monitoring  method  was  utilized,  since  the  best  results  in  previous 
research  were  obtained  with  this  method  [1 1].  Recall  that  this  modification  replaces  the 
residual  covariance  matrix  in  the  probability  density  function  (Equation  (2.26))  with 
the  identity  matrix  (Equation  (2.31)).  The  assumption  is  that  this  modification  will 
account  for  possible  erroneous  effects  of  the  teim  However,  in  this  application,  the 
initial  replacement  with  the  identity  matrix  resulted  in  the  inability  of  the  moving  bank  to 
estimate  either  a  matching  or  moving  true  parameter  value.  The  problem  was  found  in  the 
density  calculation.  The  absolute  magnitude  of  the  likelihood  quotient,  L  (recall  the 
quadratic  term  [r/Ir^j  in  Equation  (2.31)),  was  so  small  that  the  resulting  exponent 

calculation  rq^proached "  1 "  for  each  of  the  individual  filters  in  the  bank  (e.g., 
e~  00001  =  0. 99999).  The  differences  in  the  resulting  density  calculation  among  the  three 
filters  was  still  negligible  even  in  the  coarsest  discretization  of  the  bank.  The  resulting 
scaled  probability  for  each  of  the  filters  equaled  one  third,  thus  the  parameter  position 
estimate  never  changed  as  determined  by  Equation  (2.29). 

An  ad  hoc  attempt  to  alleviate  this  problem  led  to  artificially  scaling  L  in  each  filter 
by  the  same  scalar  value,  which  allowed  for  a  greater  variation  in  the  density  calculation. 
This  scaling  factor  also  indirectly  affected  the  determination  of  the  move  threshold  (recall 
Subsection  2.4. 1).  which  resulted  in  a  tradeoff  between  the  two.  For  the  parameter 
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position  estiiiiate  monitcwing  method,  the  move  threshold  is  based  tm  the  difference 
between  the  parameter  position  estimate  and  center  of  the  moving  bank.  It  was  decided  to 
set  tlw  move  threshold  to  0.01  and  allow  the  scaling  factor  to  vary.  The  best  result  of  SOO 
was  determined  simply  by  trial  and  errcv. 

Figures  G-3  through  G-7  present  the  results  of  the  subsequent  simulations.  For 
the  case  of  initial  parameter  match  in  Figure  G-3,  the  parameter  position  estimate  is  quite 
erratic.  This  same  behavior  is  exhibited  in  each  of  the  remaining  four  figures.  The 
parameter  position  estimate  does  track  the  true  parameter,  yet  never  truly  "latches  on" 
tightly.  In  the  parameter  jump  simulations  (Figures  G-4  and  G-S),  the  parameter  position 
estimate  moves  slowly  in  the  correct  direction.  It  should  be  noted  that  the 
expansion/contraction  logic  is  inhibited  in  these  simulations.  The  expansion/contraction 
thresholds  were  never  determined  for  the  ME/I  implementation,  since  the  decision  to 
discontinue  its  use  was  made  soon  after  viewing  the  dramatic  inqm)vements  displayed  by 
the  original  Bayesian  form  (to  be  discussed  in  Section  5.5.2). 

The  reason  for  the  relatively  poor  result  of  the  ME/I  implementation  is  attributed 
to  the  lack  of  proper  scaling  of  the  residuals.  Since  there  are  essentially  two  different 
types  of  measurements  (positicm  and  velocity),  each  with  a  varying  order  of  magnitude  of 
accuracy,  the  resulting  residuals  have  varying  orders  of  magnitude.  The  information  from 
the  relatively  more  accurate  position  measurement  (smaller  individual  residual  values)  is 
obscured  in  the  equally  scaled  quadratic  by  the  higher  magnitude  velocity  residuals.  It  is 
predictable  that  better  results  can  be  obtained  from  the  original  Bayesian  form,  in  which 
the  residuals  are  properly  scaled  by  the  full  residual  covariance  matrix  A.  Artificially 
scaling  the  individual  residuals  based  on  knowledge  of  their  relative  accuracy  might  have 
some  success,  yet  this  was  attempted  in  the  previous  research  with  little  success  [1 1].  It  is 
conceivable,  that  given  an  plication  using  only  similar  measurement  devices  or  similar 
relative  accuracy,  better  results  might  be  gained  by  the  ME/I  inq}lementation. 
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5,5.2  Baynian  Form  Performance 

This  subsection  discusses  the  perfonnasce  results  of  the  parameter  position 
estimation  simulations  in  which  the  final  state  estimate  is  determined  by  utilizing  the 
original  Bayesian  form  of  Equation  (2.26).  As  can  be  seen,  a  dramatic  level  of 
iininovement  over  the  ME/l  was  obtained  with  the  implementation  of  the  Bayesian  form 
(conqure  Figures  G-3  through  G-7  with  Figures  G-10,  G-19,  G-22,  G-25,  G-28, 
respectively).  This  was  somewhat  unexpected,  since  the  residual  covariance  matrix 
appeared  to  be  ill-conditioned  (the  determinant  was  on  the  order  of  10'^>.  However,  the 
inverse  was  able  to  be  calculated.  Additionally,  no  modifications  were  made  to  the  pre- 
multiplier.  In  this  application,  using  the  proper  scaling  afforded  by  the  true  A  ’  in  the 
quadratic  term  of  the  i»obability  density  functitm  resulted  in  much  better  performance 
without  any  discernible  ernuieous  errors  as  suggested  in  Subsection  2.3.2. 

The  expansion/contraction  thresholds  woe  determined  while  using  the  parameter 
position  estimate  monitoring  method.  Recall  firom  Subsection  2.4.2  that  the  expansion 
threshold  is  based  on  the  likelihood  quotient,  L.  If  this  value  is  exceeded  for  all  three 
filters,  then  the  bank  is  expanded  under  the  assumption  that  the  true  parameter  position  is 
no  longer  in  the  vicinity  of  the  filter  bank.  When  expanded,  the  three  filters  were  re¬ 
located  at  the  widest  possible  locations  in  the  discretized  space;  (Oj,  (Ojj,  and  (Oj;* 
respectively.  The  threshold  determination  was  obtained  by  trial  and  error.  A  tradeoff  had 
to  be  made  between  setting  the  value  low  for  proper  expansion  when  required,  but  not  too 
low,  which  would  result  in  unnecessary  expansion.  Of  course,  too  high  a  threshold  would 
not  allow  for  the  proper  expansion  of  the  bank.  The  final  value  of  60  was  set,  which 
allowed  for  expansion  given  a  jump  change  greater  than  approximately  4.S  percent  (e.g.,  a 
jump  fiom  (Oj  to 

Recall  fiom  Subsection  2.4.3  that  contraction  takes  place  when  the  variance  of  the 
parameter  position  estimide  falls  below  a  set  threshold.  In  determining  the  contraction 


5-16 


threshold,  it  was  found  that  two  different  levels  of  ccmtraction,  medium  and  fine,  resulted 
in  better  performance.  The  medium  bank  discretization  placed  the  outer  two  elemental 
filters  at  ±5  points  from  the  center  filter  (e.g.,  CO/,  (O^ ,  and  (On,  respectively).  The 
specific  thresholds  far  medium  and  fine  contraction  were  set  at  5.0  and  2.0  respectively. 
These  values  were  set  relatively  high,  which  resulted  in  very  quick  contraction  of  the  bank 
(typically  within  five  saiiq)le  poiods).  The  reasons  for  this  will  be  discussed  in  the 
subsequent  paragr^>hs. 

The  anticipated  response  of  the  filter  bank  subject  to  this  expansion  and 
contraction  design  was  to  have  the  bank  expand  to  the  widest  position  (given  a  large  jump 
change  in  the  true  parameter)  in  order  to  locate  the  true  parameter  position  in  the  proper 
half  of  the  parameter  space.  The  medium  contracti<m  would  then  locate  the  true 
parameter  position  within  the  resulting  half  of  the  parameter  space  and  a  fine  contraction 
would  subsequently  take  place.  The  contracficm  logic  for  determining  the  center  filter  for 
each  of  the  contraction  levels  was  based  on  the  best  estimate  of  the  true  parameter.  In 
making  this  determination,  it  was  anticipated  that  the  contraction  design  would  locate  the 
center  filter  somewhere  in  between  the  discrete  parameter  points  of  the  expanded  filter 
bank.  However,  after  a  bank  expansion,  the  contraction  logic  consistently  placed  the 
center  filter  at  one  of  the  expanded  filto:  bank  discrete  parameter  locations.  This 
occurred  for  both  the  medium  and  fine  contraction  levels.  For  example,  if  the  true 
parameter  position  jumped  from  <Oy  to  (O^  (reference  Figures  G-IS  through  G-17),  the 
bank  would  first  attenoqK  to  contract  and  center  the  medium  level  discretized  filter  bank  at 
either  location  CD/j  or  (O2J,  i.e.,  at  one  of  the  three  parameter  values  of  the  coarsest 
discretization.  If  the  (tecision  were  (Ojj,  then  the  resulting  bank  of  filters  would  be 
located  at  CO/;,  and  CDjg,  respectively.  The  next  contraction  would  place  the  finely 
discretized  space  at  (Ojo,  09/;,  and  09/2,  or  09/5,  ^/7>  depending  on  which 

decision  was  made.  The  finely  discretized  bank  of  filters  would  then  "move"  to  the  correct 
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location  based  on  the  move  logic.  It  should  be  noted  that,  if  the  first  contraction  decision 
is  to  locate  the  center  filter  at  (Dj/*  addititxial  logic  will  [Hx^bit  centering  the  filter  bank  at 
the  edge  of  the  discretized  space.  Instead  the  logic  will  place  the  outer  filter  at  the  edge, 
resulting  in  the  medium-ctHitraction  filter  bank  located  at  positions  (Ojj,  (0;^,  and  0)27. 

No  ernvs  could  be  found  in  the  {»x>gram  coding  that  would  directly  cause  this 
situation  to  occur.  In  order  to  con^wnsate  for  this,  the  contraction  thresholds  were  set 
relatively  high.  AUowii^  the  bank  to  contract  faster  to  a  fine  discretization  and  then  move 
acc(»ding  to  the  move  logic  resulted  in  a  faster  overall  response.  It  should  be  noted  that 
the  contraction  logic  usually  made  the  correct  decision  to  center  the  bank  on  the  filter 
closest  to  the  true  parameter.  Occasionally,  with  the  thresholds  set  high,  the  contraction 
logic  made  a  wnxig  decision  but  the  bank  invariably  expanded  again  until  the  correct 
decision  was  made.  For  the  example  given  in  the  previous  paragraph,  the  correct  decision 
was  to  attempt  to  center  the  bank  on  (O^/,  which  resulted  in  the  bank  located  at  positions 
0)/y»  (Dy^and  (O21' 

Another  expansion  design  was  atten^ted,  in  which  the  bank  was  allowed  to 
expand  only  to  a  medium  level  of  discredzatitni  at  positions  a>«,  (Ojj,  and  CO77,  i.e., 
disallowing  the  coarsest  discretization  of  <0,,  Oyy,  and  0)2;’  anticipated  that  this 
design  would  allow  faster  contraction  in  the  correct  third  of  the  parameter  space,  once 
that  was  identified  correctly  at  the  medium  discretization  level.  This  method  resulted  in  a 
poorer  performance  for  the  first  few  simulafions  and  was  subsequently  abandoned. 

Several  examples  are  shown  which  inhibit  bank  expansion  and  contraction  in  order 
to  show  the  relative  response  time  allowing  only  the  move  logic  to  be  active  (compare 
Figures  G-29  through  G-32  with  G-13,  G-16,  G-19,  and  G-22,  respectively).  This 
comparison  was  only  accomplished  using  the  parameter  position  estimate  monitoring 
method.  The  move  threshold  was  set  at  0.  IS  for  each  of  these  simulations  (to  be 
discussed  later  in  this  section).  In  all  cases,  the  expansion/contraction  simulations  appear 


5-18 


much  like  undudamped  responses,  whereas  the  move-only  simuladoirs  aj^ar  as 
overdanq)ed  responses.  I^r  this  applicatitm,  it  is  m(»e  desirable  to  have  the  parameter 
position  estimate  approach  the  true  parameter  position  rapidly  as  with 
expansion/contraction  (better  overall  state  estimates  during  the  transition  time),  than 
slowly  with  move-only  (po<»er  overall  state  estimates  during  the  transition  time). 

Once  the  Bayesian  form  was  selected  and  expansion/ctmtraction  thresholds 
determined,  simulations  could  be  run  comparing  the  relative  responses  utilizing  each  of  the 
three  parameter  posititm  estimation  techniques.  Move  thresholds  had  to  be  determined  for 
each  of  the  three  techniques,  since  they  ate  each  based  on  a  different  hypothesis  for  the 
move  logic.  For  the  parameter  position  estimate  monitoring  method,  the  move  threshold 
is  based  on  the  difference  between  the  parameter  position  estimate  and  center  of  the 
moving  bank.  If  this  value  is  exceeded,  then  a  decision  is  made  to  move  the  bank  in  the 
direction  of  the  parameter  estimate.  For  the  residual  monitoring  technique,  the  move 
threshold  is  based  on  the  likelihood  quotient,  L  (same  as  the  expansion  logic).  If  this  value 
is  exceeded  for  all  three  filters,  then  a  decision  is  made  to  move  the  bank  in  the  direction 
of  the  filter  with  the  smallest  L.  For  the  probability  monitoring  technique,  the  move 
threshold  is  based  on  the  conditional  probability.  If  the  conditional  probability  of  the  filter 
with  the  highest  value  exceeds  the  threshold,  then  a  decision  is  made  to  move  the  bank  in 
the  direction  of  this  filter.  In  each  case,  there  was  a  tradeoff  between  consistency  (less 
variation  of  the  parameter  position  estimate  around  the  true  parameter  position  value 
during  a  "tracking"  phase)  and  response  time  (how  quickly  the  parameter  position  estimate 
approaches  the  true  parameter  in  an  "acquisition"  or  "re-acquisition"  phase).  Setting  the 
threshold  too  low  resulted  in  unnecessary  move  decisions,  whereas  setting  the  threshold 
too  high  resulted  in  slow  responses  to  actual  parameter  position  changes.  The  move 
thresholds  for  the  remaining  two  techniques,  residual  and  probability  monitoring,  were  10 
and  0.9,  respectively.  It  should  be  noted  that  neither  the  residual  nor  the  probability 
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monitoring  method  requires  that  the  bank  be  centered  on  the  current  panumter  position 
estimate. 

Figures  G-8  through  G-28  present  a  small  sampling  of  all  the  runs  acconq)lished  as 
discussed  previously  in  this  section.  Each  simulation  is  presented  with  each  of  the 
techniques  on  the  sanM  page  for  ease  of  comparison.  No  one  particular  technique  can  be 
said  to  be  the  most  effective.  The  residual  monitoring  technique  ^)pears  to  give  the 
quickest  response  time.  The  probability  monitoring  appears  to  give  the  most  consistent 
response.  Despite  its  success  in  previous  research  [1 1],  the  parameter  position  estimate 
monitoring  technique  appears  to  give  the  poorest  relative  response,  both  in  terms  of 
consistency  and  response  time.  The  overall  response  is  still  excellent,  especially  in 
comparison  to  previous  research  [11].  The  reasons  for  the  differences  can  be  found  in  the 
hypothesis  conditions  for  which  each  techniqi^  is  based.  (Additionally,  the  sensitivity  of 
the  individual  techniques  to  their  respective  threshold  values  affects  the  outcome  to  a 
minor  degree.) 

In  the  residual  monitoring  technique,  the  decision  to  move  is  based  on  the  single 
most  recent  sample  of  the  residuals  (no  past  history),  which  accounts  for  this  method 
having  the  fastest  response  time.  However,  this  method  is  supposed  to  be  plagued  by 
single  large  disturbance  input  sanq)les,  which  may  cause  unnecessary  move  decisions. 
However,  it  is  possible  that  the  simple  rate  feedback  active  in  all  simulations  reduces  the 
effect  of  large  disturbance  saiiq)les,  resulting  in  better  conditioned  residuals.  This  may 
account  for  the  relatively  good  consistency.  Even  during  short  periods  of  excursions  from 
the  nominal,  the  actual  magnitudes  of  these  variations  are  relatively  small.  (This  concern 
can  be  limited  to  a  minor  degree  by  a  judicious  choice  of  the  threshold  value.) 

The  probability  monitoring  method  is  based  on  not  only  the  current  measurement 
sample,  but  also  on  the  past  history  of  measurements.  This  acts  as  a  "smoothing  agent", 
which  results  in  better  overall  consistency.  In  fact,  once  the  parameter  position  estimate 
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"latched"  tightly  onto  the  true  parameter,  no  variations  were  seen  until  the  true  parameter 
position  moved  again.  Additionally,  the  response  time  is  not  miK:h  worse  than  for  the 
residual  monitoring  technique. 

The  parameter  position  estimate  monitoring  technique  is  similar  to  tire  probability 
monitoring  in  that  it  is  based  on  the  current  and  past  history  of  individual  measurements 
(or  residuals)  for  each  of  the  filters  in  the  bank.  This  technique  would  be  expected  to 
display  a  level  of  consistency  at  least  better  than  that  of  the  residual  technique.  Yet,  in 
each  of  tire  plots,  this  technique  is  clearly  more  erratic  than  the  other  techniques.  Again, 
the  choice  of  threshold  value  affects  the  results  to  a  minor  degree,  but  does  not  account 
for  the  overall  poorer  performance.  It  is  speculated  that  the  fact  that  this  is  the  only 
technique  that  requires  the  bank  to  be  centered  on  the  parameter  position  estimate  might 
somehow  account  for  the  relative  performance  degradation.  The  speed  of  response  is 
similar  to  those  of  the  other  methods  if  the  criterion  is  based  simply  on  the  desire  to  have 
the  parameter  position  estimate  in  the  close  vicinity  of  the  true  parameter.  If  the 
additional  transient  variations  are  taken  into  account,  then  the  performance  can  be  said  to 
be  poorer. 

5.5.3  Section  Review 

In  this  section,  it  was  shown  that  the  original  Bayesian  formulation  of  the  probably 
density  function  for  measurements  (residuals)  in  Equation  (2.26)  resulted  in  dramatically 
better  performance  than  that  achieved  by  the  ME/I  method.  In  terms  of  parameter 
position  estimation,  all  three  move  logic  techniques  resulted  in  excellent  parameter 
position  estimation  responses.  However,  none  of  the  techniques  can  be  said  to  be  the 
best.  Each  had  positive  and  negative  attributes.  The  residual  monitoring  method  was 
shown  to  have  the  fastest  response  time,  yet  suffered  to  a  minor  degree  in  terms  of 
consistency.  Utilizing  the  probability  monitoring  technique  resulted  in  much  better 
consistency,  yet  the  response  time  was  relatively  slower.  The  parameter  position 
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monitoring  technique  was  slightly  worse  in  both  respects.  The  state  estimation  error 
results  for  all  the  simulations  conducted  were  practically  identical  to  those  of  the  single 
filter  analysis. 

S.6  MMAC  Performance 

This  section  presents  the  results  obtained  frmn  simulations  inq}lementing 
the  MMAC  design  method  utilizing  many  of  the  specific  techniques  discussed  in  Section 
2.6.  These  control  methods  include:  MMAC,  modified  MMAC,  MAP,  and  "modified” 
MAP  (to  be  discussed  below).  The  MMAC  utilizes  the  unconditional  "blending"  of  the 
control  inputs  from  each  of  the  active  filter/controllers.  Modified  MMAC  institutes  a 
lower  bound  of  0.25  on  the  probability  of  each  filter/contioller  in  the  probability-weighted 
average  computation  to  form  the  MMAC  control  output,  which  precludes  the  blending  of 
those  under  this  threshold.  The  MAP  method  declares  the  filter/controller  with  the 
highest  probability  as  the  one  to  provide  the  final  control.  The  fixed-gain,  single- 
changeable-gain,  and  modified  single-changeable-gain  control  methods  were  not 
investigated.  The  inh<»ited  program  code  did  not  implement  any  of  these  methods  as 
presented  in  Section  2.6,  and  the  additional  time  to  investigate  these  methods  was  not 
warranted,  due  to  tin  outstanding  performance  of  the  MMAC.  The  inherited  code 
implemented  what  was  referred  to  as  the  modified  single-changeable-gain  control  but  in 
actuality  this  was  not  so.  What  the  code  implemented  was  similar  to  the  MAP  method. 
Instead  of  the  single  filter/controller  with  the  highest  probability,  this  method  allowed  the 
filter/controUer  based  on  the  parameter  vali»  closest  to  the  parameter  position  estimate  to 
generate  the  control  inputs.  This  method  is  closest  in  concept  to  MAP  control  and  will  be 
referred  to  "modified"  MAP  control  for  the  tomainder  of  this  research.  Additionally,  the 
three  different  move  logic  techniques  presented  in  the  previous  section  are  carried  through 
in  this  section  to  show  the  possible  effects  of  control  on  parameter  position  estimation. 
Appendix  H  presents  aU  the  plots  associated  with  this  section. 
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Aiq>lying  control  in  the  face  of  true  parameter  position  variations  did  not 
dramatically  degrade  the  LOS  deviations  for  any  of  the  four  methods  investigated.  In  fact, 
only  during  the  short  period  of  time  in  which  the  niter  bank  was  expanding,  contracting  or 
moving  in  response  to  a  parameter  position  variation  did  the  actual  LOS  deviation  degrade 
from  that  of  single  controller  performances  presented  in  Section  S.3.  In  any  of  the 
situations  simulated  for  this  section,  the  resulting  X  and  Y  LOS  error  plots  are  essentially 
identical.  As  such,  only  Figures  H-1  and  H-2  are  presented  as  single  representative 
examples.  These  figures  are  shown  in  an  expanded  view  in  an  attempt  to  determine  a 
difference  visually  in  the  LOS  deviations  during  a  parameter  change  as  discussed  in 
Section  5.6.  If  presented  with  a  normal  scale,  these  plots  would  be  indistinguishable  from 
those  of  the  single  filter  analysis  (Figures  F-17  and  F-18).  For  reference,  these  two  plots 
were  obtained  from  the  simulation  resulting  in  Figure  H-1 8  (presented  out-of-order  for 
purposes  of  this  discussion).  Note  the  lack  of  any  visible  change  after  the  true  parameter 
position  jumps  from  CO 5  to  (0^7  at  the  five  second  rnaii:.  In  an  attempt  to  discern  any 
differences  between  any  of  the  combinations,  the  temporal  RMS  average  calculation  was 
limited  to  a  short  period  of  time  (5  to  5.75  seconds)  during  the  parameter  jump 
simulations,  just  after  the  true  parameter  junqi  occurred  (reference  Figures  H-3  through 
H-14).  Table  5-2  presents  the  results  of  these  calculations.  The  differences  between  any 
of  the  combinations  are  so  small  as  to  be  considered  negligible.  However,  the  modified 
MMAC  is  consistently  worst  by  a  small  percentage.  The  performance  degradation  during 
this  time  frame  places  the  Y  LOS  deviations  outside  the  one  micro-radian  specification. 
Again,  the  difference  between  the  X  and  Y  LOS  performance  is  due  to  the  geometry  of 
the  tripod  legs  relative  to  the  X  and  Y  axes.  Yet,  given  the  short  period  of  time  and  the 
drastic  change  in  the  true  parameter,  this  result  is  still  highly  encouraging. 

In  terms  of  parameter  position  estimation.  Figures  H-3  through  H-38  show  a  small 
representative  sample  of  all  the  simulations  that  were  run,  yet  no  consistent  trends  or  even 
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MMAC 

Mod  MMAC 

MAP 

Mod  MAP 

Residual 

Monitoring 

XLOS  = 
0.93603  ^rad 

YLOSs 
0.12406  prad 

XLOS  = 
0.95019  prad 

YLOS  = 
0.12758  prad 

XLOS  = 
0.93031  prad 

YLOS  = 
0.12387  prad 

XLOS  = 

0.93417  prad 

YLOS  = 

0.12387  prad 

Probability 

Monitoring 

XLOS  = 
0.92396  prad 

YLOS  = 
0.12485  prad 

XLOS* 
0.93859  prad 

YLOS  = 
0.12769  prad 

XLOS  = 
0.92428  prad 

YLOS  = 
0.12479  prad 

XLOS  = 
0.92282  prad 

YLOS  = 
0.12467  prad 

Parameter 

Position 

Monitoring 

XLOS  = 
0.91759  prad 

YLOS  = 
0.12260  prad 

XLOSs 
0.94510  prad 

YLOS  = 
0.12765  prad 

XLOS  = 
0.92132  prad 

YLOS  = 
0.12231  prad 

XLOS  = 

0.91624  prad 

YLOS  = 

0.12211  prad 

Table  5-1.  MMAC  Control  Performance  Results 

major  differences  were  visible  between  the  effects  any  of  the  four  methods.  The  modified 
MMAC  control  (with  an  intermediate  threshold  on  the  probabilities  of  0.25  for  control 
computation  as  in  Section  2.6.2)  speared  to  improve  the  results  of  the  MMAC  control 
slightly.  The  results  from  the  MAP  and  modified  MAP  control  methods  appear  to  be 
practically  indistinguishable.  The  same  characteristics  of  the  move  logic  techniques 
presented  in  Section  5.5  can  be  applied  here  also.  The  effect  of  control  does  ^pear  to 
cause  more  variations  (less  consistency)  in  the  parameter  position  estimates  for  all 
techniques  and  simulations. 

5.7  Summary 

This  ctuq)ter  presented  the  results  from  all  the  analyses  performed  in  this  research. 
The  chapter  began  with  a  discussion  of  single  filter  and  controller  tuning  procedures. 
Each  of  the  individual  filter/controller  performances  was  then  examined.  The  best  results 
were  obtained  with  the  26-modal-based  model  and  the  26-modal-cost-based  model.  In 
both  models,  the  LOS  deviation  specification  of  one  micro-radian  was  met.  Due  to 
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unforeseen  difficulties,  the  original  parameter  discretization  determination  method  had  to 
be  abandoned.  The  final  parameter  space  resulted  in  21  evenly  spaced  points  between  a  2 
percent  reduction  and  an  8  percent  increase  in  the  nominal  parameter  value. 

In  the  MMAE  analysis  section,  the  original  Bayesian  form  of  residual  probability 
density  calculation  was  shown  to  result  in  much  better  performance  than  the  ME/I 
formulation.  All  three  move  logic  techniques  displayed  very  good  parameter  position 
tracking  characteristics.  The  residual  monitoring  technique  had  a  faster  response  time, 
whereas  the  probability  monitoring  technique  had  better  consistency.  Allowing  filter  bank 
expansion  and  medium/fine  contraction  resulted  in  slightly  better  performance  than  by 
allowing  just  move  logic.  All  control  design  methods  investigated  had  essentially  the  same 
performance  abilities  in  the  MMAC  analysis  section.  When  the  parameter  position 
estimate  was  allowed  to  settle  following  a  true  parameter  move,  the  MMAC  controller 
performance  was  identical  to  that  of  the  single  controller.  The  X-axis  LOS  errors  were 
well  within  the  one  micro-radian  specification,  whereas  the  Y-axis  LOS  errors  resided  on 
the  specification.  Of  special  note,  even  when  the  true  parameter  was  allowed  to  vary,  only 
the  Y-axis  exceeded  the  specification. 
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VI  Conclusions  and  Recommendations 


6.1  Introduction 

The  focus  of  this  research  has  been  to  apply  moving-bank  multiple  model  ad^tive 
estimation  and  control  (MMAE/MMAC)  algorithms  to  quell  undesirable  vibrations  in  tl^ 
SPICE-4  space  structure.  The  necessity  for  adaptive  control  was  based  on  concerns  that 
unadaptive  controller  designs  do  not  demonstrate  enough  inherent  robusmess  to  be 
effective  in  the  presence  of  uncertain  parameters  in  the  system  model.  In  this  !q)plication, 
the  uncertain  parameter  was  assumed  to  be  a  scalar  multiplier  of  the  undamped  natural 
frequencies  in  the  flexible  body  modes  of  the  physical  structure.  The  design  procedure 
began  with  the  development  of  the  new  system  model  as  the  truth  model  and  then  to 
reduced-order  models  for  implementation  in  the  Kalman  filters,  LQG  controllers,  and 
moving-bank  MMAE/MMAC  algorithms.  Inherited  simulation  software  was  modified 
slightly  to  accommodate  system  models  changes  from  the  previous  version,  and  then 
performance  analyses  were  conducted  to  test  the  cq>abilities  of  the  resulting  various 
design-model-based  single  filter/controllers.  The  parameter  space  was  then  discretized  to 
allow  for  parameter  variations.  Finally,  the  ability  of  a  moving  bank  of  filter/controllers  to 
estimate  the  uncertain  parameter  accurately  and  apply  control  effectively  was  examined. 

The  final  conclusion  of  the  research  indicates  that  the  moving-bank  MMAE/ 
MMAC  design  method  is  extremely  effective  in  quelling  unwanted  vibrations  in  the 
SPICE-4  structure  even  during  periods  of  large  parameter  variations.  This  conclusion  is 
substantiated  in  the  following  section. 

6.2  Conclusions 

In  Chapter  4,  it  was  shown  that  the  dramatic  order  reduction  required  in  the 
original  system  model  supplied  by  the  Phillips  Laboratory  resulted  in  a  truth  system  model 
selection  that  was  stiU  a  very  good  representation  of  the  real  world  system.  Many 
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reduced-order  models  were  generated,  in  which  the  only  order  reduction  took  place  in  the 
flexible  body  portion  of  the  truth  system  model.  Of  the  three  original  order  reduction 
methods  presented  in  Ch^ter  2,  the  internally-balanced  method  had  to  be  abandoned  due 
to  numerical  problems.  This  does  not  imply  that  this  was  necessarily  a  poor  modeling 
method,  just  that  it  was  impossible  to  utilize  in  this  {plication  given  the  ill-conditioned 
matrices  inherent  in  the  system  model.  Much  better  success  was  obtained  with  tlw 
modally-reduced  design  models  and  the  modal-cost-reduced  design  models.  In  each  case, 
it  was  necessary  to  include  26  modes  in  the  design  model  in  order  for  the  resulting  single 
Kalman  fUter/LX^  controller  performance  to  meet  the  LOS  RMS  specification  of  one 
micro-radian  levied  by  Phillips  Laboratory.  Even  though  not  originally  presented,  the  26- 
mode  truncated-model-based  filter/controller  was  also  very  effective  at  meeting  the 
specification,  although  its  use  was  discontinued  afte;^  he  single  filter  analysis.  It  should  be 
noted  that,  in  each  case,  the  X  LOS  deviations  were  always  weU  within  the  specification, 
whereas  the  Y  LOS  deviations  essentially  resided  on  the  specification.  Of  the 
filter/controllers  based  on  lesser  numbers  of  modes  in  the  design  models,  the  modal-cost 
method  was  clearly  more  effective  than  the  modal  method,  even  though  the  design 
specification  was  not  met. 

During  the  original  parameter  discretization  procedure,  it  was  discovered  that  the 
modal-cost-based  filter/controller  performance  became  degraded  when  the  design  model 
was  based  on  a  new  parameter  value  (i.e.,  an  increase  or  decrease  in  the  scalar  multiplier 
of  the  undamped  natural  fi^equencies).  At  the  new  parameter  values,  the  controller 
performance  was  not  able  to  meet  the  LOS  specification.  It  was  speculated  that,  at  the 
new  parameter  value,  the  model-cost  method  would  have  determined  a  new  set  of 
appropriate  modes  to  be  maintained  in  the  design  model,  different  from  the  modes  based 
on  the  nominal  parameter  value.  The  use  of  the  modal-cost  order  reduction  method  was 
discontinued  at  this  point. 
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The  original  discretization  procedure  also  had  to  be  abandoned.  The  problem 
occurred  with  a  reduction  in  the  parameter  valiM.  Both  the  26-mode  modal-  and 
truncated-based  filter/controllers  experienced  an  unacceptable  performance  degradation 
past  a  2  percent  reduction  in  the  nominal  parameter  value.  If  the  discretized  space  were 
cut  off  at  this  point,  the  resulting  space  would  not  have  allowed  for  a  good  test  of  the 
moving-bank  MMAE/MMAC  algorithms.  Tte  discretized  parameter  space  was  nKxlified 
to  be  evenly  spaced  at  0.5  percent  increments  from  a  2  percent  reduction  to  an  8  percent 
increase  in  the  nominal  parameter  value.  This  resulted  in  a  21-point  parameter  space  that 
allowed  for  a  full  analysis  of  the  moving-bank  method,  with  expansion  and  contraction  as 
well  as  motion  of  the  filter  bank.  The  26-mode  modal-based-model  was  finally  chosen  to 
continue  the  moving-bank  analysis,  due  to  its  relative  robusmess  as  compared  to  the  26- 
mode  truncated  model. 

Of  the  two  formulations  in  the  residual  probability  density  function  used  for 
computation  of  the  hypothesis  probabilities  within  the  multiple  model  methodology,  the 
use  of  the  original  Bayesian  form  resulted  in  much  better  parameter  position  estimation 
ability  than  the  use  of  the  Maximum  Entropy  with  Identity  residual  covariance 
modification  (ME/I).  Allowing  expansion  and  contraction  of  the  filter  bank  consistently 
resulted  in  a  faster  overall  response  time  than  allowing  move  logic  only.  Although  all  of 
the  three  move  logic  techniques  investigated  were  very  effective  at  parameter 
identification,  there  was  no  clear  winner.  The  residual  monitoring  technique  reacted  to 
parameter  changes  more  quickly,  whereas  the  probability  monitoring  technique  reacted 
with  less  estimation  error  variance.  The  parameter  position  estimate  monitoring  technique 
was  the  poorest  performer.  Residual  monitoring  was  expected  to  have  the  quickest 
response,  since  the  move  logic  was  based  only  on  the  most  recent  measurement  sample. 
Probability  monitoring  was  more  consistent,  since  the  move  logic  incorporated  the  past 
history  of  measurement  samples.  The  results  for  the  parameter  position  estimate  method 
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were  unexpected  and  somewhat  difficult  to  explain.  Possible  threshold  effects  in 
combination  with  the  actual  move  logic  may  have  contributed  to  the  poorer  performance. 

After  flying  LQG-based  control  with  any  of  the  methods  investigated,  the 
resulting  performance  was  indistinguishable  from  that  of  the  single  controller  analysis 
utilizing  the  same  model-based  filter/controller.  Only  by  examining  the  LOS  RMS  average 
for  a  short  period  of  time  around  a  large  parameter  jump  was  a  difference  detectable. 

Even  then,  the  one  micro-radian  specification  was  exceeded  only  in  the  Y  LOS  direction. 
The  X-axis  LOS  errors  were  still  within  the  specification.  Once  the  short  transition 
period  after  a  parameter  move  was  expired,  the  Y-axis  LOS  error  once  again  resided  on 
the  specification.  There  were  no  major  trends  noted  between  any  of  the  different  MMAC 
control  methods  investigated.  All  worked  equally  well.  The  only  visible  effect  of  control 
on  parameter  estimates  was  a  slight  increase  in  the  parameter  position  estimation  variation 
for  all  the  simulations. 

These  results  indicate  that  the  MMAE/MMAC  algorithms  will  provide  highly 
effective  control  for  the  SPICE-4  structure,  even  with  large  parameter  variations.  The 
following  section  will  present  areas  of  future  research. 

6.3  Recommendations 

This  research  proved  the  effectiveness  of  the  nooving-bank  MMAE/MMAC 
algorithms  as  {q)plied  to  the  SPICE-4  structure.  Future  recommendations  are; 

1.  Explore  the  effects  of  dither  inputs  to  the  system  model  to  enhance  parameter 
identification  above  what  was  achieved  in  this  research  [8]. 

2.  Investigate  possible  alternative  modal-cost-based  models  determined  for  each 
of  the  discretized  parameter  points  in  an  attempt  to  overcome  the  difficulties 
discovered  in  the  research. 
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3.  the  reduced-txder  filter/controllers  devel(^)ed  in  this  r^earch  against  the 
original  fuU-<»der  (Ivge)  system  model  first  presented  in  Chapter  3  and  determine 
if  the  same  perfmmance  is  achieved. 

4.  Investigate  possible  methods  to  apply  effective  control  to  the  system  nmdel  in 
the  region  that  caused  difficulties  in  this  research  (parameter  reduction  beyoiKi  two 
percent). 

5.  Apply  the  methods  investigated  in  this  research  to  the  large  space  structure 
residing  in  the  Astronautical  Laboratory  at  AFTT.  (Current  research  is  attenq^g 
to  determine  an  accurate  system  model  for  the  structure  prior  to  any  control 
considerations  [6].  This  structure  is  similar  to  the  tripod  construction  in  the 
SPICE  structure. 

6.  Investigate  the  effect  of  utilizing  die  more  api»oprialely  scaled  values  fm* 
Che  filter  models. 

7.  Explore  a  possible  dual  parameter  space  in  which  the  different  parameters  are 
based  on  independent  multipliers  of  grmipings  of  natural  fiequencies  vice  the  single 
scalar  multiplier  utilized  in  this  research. 

8.  Investigate  the  possibility  of  implementing  a  simple  windowing  procedure  for 
the  residual  monitoring  technique  in  which  the  most  recent  n  measurement  samples 
are  utilized  in  the  move  logic  vice  the  single  most  recent  measurement  sample. 

This  may  decrease  parameter  estimation  variation  without  a  large  increase  in  the 
resp(Mise  time. 
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A^ndixA:  Spice-4  Structure  TruA  Model 

This  a{^ndix  presents  the  various  matrices  associated  with  the  truth  model  as 
described  in  Chapter  3.  This  is  representative  of  the  open  loop  system.  The  individual 
matrices  are  briefly  described  below.  Additionally,  several  matrices  below  (B^ .  G ^ .  and 
C  j )  ctmtain  large  blocks  of  zeros  which  are  not  presented.  The  specific  format  of  these 
matrices  is  shown  below  (e.g.,  the  last  126  rows  of  are  zeros). 


Structure  (reference  Equations  (3.4)  and  (3.16)): 

•  F,  s  (36f  2ff)>by-(364-2n)  constant  structure  plant  matrix 

•  Bj  =  (364>2n)-by-36  constant  control  input  matrix 

•  =  (36+2n>by-9  constant  noise  input  matrix 


.  ®((7«+«)j(9) 


I((itf-f2ii)x9) 


•  C,  =  S6>by-(36+2n)  constant  output  matrix 

! 

Disturbance  (reference  Equations  (3.1)  and  (3.2)): 

•  F„  =  24-by-24  constant  fundamental  noise  dynamics  matrix 

•  G„  =  24-by-6  ctmstant  noise  input  matrix 

•  C„  =  9-by-24  constant  output  matrix 

Controller  output  filter  (reference  Equations  (3.18)  and  (3.19)): 

•  F^  =  18-by-18  constant  filter  plant  matrix 

•  Bf=  18-by>18  constant  matrix 

•  Cf=  18-by-18  constant  output  matrix 


J(S6x{36*2h)) 


A-l 


p 


F, 


Mode 

-2Co>, 

-<n  2 

Mode 

-2;©, 

1 

-5.8448D-01 

-8.5404D402 

46 

-4.57480+00 

-1.06780+05 

2 

-6.0874D-01 

-9.2642D+02 

47 

-4.63710+00 

-1.09710+05 

3 

-6.0937I>4)1 

-9.2834D+02 

48 

-5.12770+00 

-1.34150+05 

4 

-6.2216D-01 

-9.6770D+02 

49 

-5.29530+00 

-1.43060+05 

5 

-6.2234D-01 

-9.6826D402 

50 

-5.39400+00 

-1.48450+05 

6 

-6.2304D-01 

-9.7046D+02 

51 

-5.42610+00 

-1.50220+05 

7 

-6.2581D-01 

-9.7908D+02 

52 

-5.59150+00 

-1.59510+05 

8 

^.2589IM)1 

-9.7935D+02 

53 

-5.59380+00 

-1.59640+05 

9 

-6.2603D-01 

-9.7977D+02 

54 

-5.76660+00 

-1.69660+05 

10 

-6.2624D-01 

-9.8043D^ 

55 

-5.80390+00 

-1.71860+05 

11 

^.26330-01 

-9.8073D+02 

56 

-5.91390+00 

-1.78440+05 

12 

-6.2699D>01 

-9.8278D+02 

57 

-6.30540+00 

-2.02850+05 

13 

-6.2700D-01 

-9.8283EM)2 

58 

-6.33380+00 

-2.04680+05 

14 

-6.2706D-01 

-9.8300D402 

59 

-6.38240+00 

-2.07830+05 

15 

-6.2741D-01 

-9.841  lD+02 

60 

-6.40900+00 

-2.09570+05 

16 

-6.3197D-01 

-9.9847D+02 

61 

-6.61750+00 

-2.2343I>+05 

17 

-6.3382D-01 

-1.0043EM)3 

62 

-6.65630+00 

-2.26050+05 

18 

-6.3383D-01 

-1.00430+03 

63 

-6.66680+00 

-2.26760+05 

19 

-4.4330D-01 

-1.8741D+03 

64 

-6.70080+00 

-2.29090+05 

20 

-2.1955D-01 

-2.4016D+03 

65 

-6.71310+00 

-2.29930+05 

21 

-2.3220D-01 

•2.44080+03 

66 

-6.73830+00 

-2.31660+05 

22 

-6.2740D-01 

-9.61010+03 

67 

-6.75780+00 

-2.33000+05 

23 

-6.7063D-01 

-1.03250+04 

68 

-6.77340+00 

-2.34070+05 

24 

-9.4034EM)1 

•1.14180+04 

69 

-6.85870+00 

-2.40010+05 

25 

-7.0486D-01 

-1.47690+04 

70 

-6.89770+00 

-2.42750+05 

26 

-1.8200D+00 

-1.55400+04 

71 

-6.92060+00 

-2.44360+05 

27 

-1.1261D+00 

-1.71470+04 

72 

-6.95870+00 

-2.47060+05 

28 

-7.4808D-01 

-1.91920+04 

73 

-6.96730+00 

-2.47670+05 

29 

-2.4879D+00 

-2.30120+04 

74 

-6.98580+00 

-2.48980+05 

30 

-1.1562D400 

-2.31460+04 

75 

-6.99630+00 

-2.49740+05 

31 

-2.7978D+00 

-3.99360+04 

76 

-6.99650+00 

-2.49750+05 

32 

-2.9036D400 

-4.30150+04 

77 

-6.99990+00 

-2.49990+05 

33 

-2.9932D+00 

-4.57100+04 

78 

-7.00100+00 

-2.50070+05 

34 

-3.0759D+00 

-4.82720+04 

79 

-7.01560+00 

-2.51120+05 

35 

-3.1174D+00 

-4.95830+04 

W 

-7.04380+00 

-2.53140+05 

36 

-3.1730D+00 

-5.13660+04 

81 

-7.05500+00 

-2.53940+05 

37 

-3.8535D+00 

-7.57620+04 

82 

-7.19010+00 

-2.63760+05 

38 

-3.9983D+00 

-8.15610+04 

83 

-7.21300+00 

-2.65450+05 

39 

-4.0323D+00 

-8.29540+04 

84 

-7.28760+00 

-2.70970+05 

40 

-4.1851D400 

-8.93610+04 

85 

-7.30810+00 

-2.72490+05 

41 

-4.3326D+00 

-9.57730+04 

86 

-7.37240+00 

-2.77300+05 

42 

-4.3689D+00 

-9.73830+04 

87 

-7.48330+00 

-2.85710+05 

43 

-4.3869IVKX) 

-9.81870+04 

88 

-7.54710+00 

-2.90600+05 

44 

-4.4313D400 

-1.00190+05 

89 

-7.58380+00 

-2.93440+05 

45 

-♦.5106D+00 

-1.03800+05 

90 

-7.60500+00 

-2.95080+05 

A-2 


91 

-7.61490+00 

-2.95850+05 

92 

-7.66510+00 

-2.99770+05 

93 

-7.66770+00 

-2.99960+05 

94 

-7.69230+00 

-3.01900+05 

95 

-7.76350+00 

-3.07510+05 

96 

-7.79230+00 

-3.09790+05 

97 

-7.80260+00 

-3.10620+05 

98 

-7.80700+00 

-3.10960+05 

99 

-7.80760+00 

-3.11010+05 

100 

-7.80800+00 

-3.11040+05 

101 

-7.80810+00 

-3.11050+05 

102 

-7.80820+00 

-3.11060+05 

103 

-7.80840+00 

-3.11070+05 

104 

-7.80840+00 

-3.11080+05 

105 

-7.80900+00 

-3.11130+05 

106 

-7.81590+00 

-3.11670+05 

107 

-7.81670+00 

-3.11740+05 

108 

-7.83300+00 

-3.13040+05 

Columns  1  thru  6 

2.0825D-02  -1.9380D-02  5.4088EM)3 

-7.9624D-03  .9.4290D-03  -3.7621D-03 

4.8065D-03  4.1117D-03  6.7170D-04 

2.4055D-03  .5.3274D-04  3.9175D-03 

-6.2029D-04  .2.1723D-03  -9.8336D-04 

-5.5048D-04  -6.8749D-04  -7.8423D-04 

-8.2665D-04  7.1069D-04  1.1465D-03 

2.5584IW)4  3.3590D-04  -9.1416D4)4 

1.0181D-03  1.0139IW)3  -6.7856D-04 

-2.8130D-04  3.2280D-04  -6.8399D-05 

-1.4195D-04  2.8107D-04  6.7669D-05 

-6.9834EM)5  6.8%3D-05  1.7653D-04 

-2.1815D-06  2.1249D-06  -3.6374D-05 

3.2105EM)5  -2.9890D-05  -1.2043D-04 

3.8729D-05  -3.8316IW)5  -1.4322D-04 

-2.6955D-04  -2.7634D-04  -1.6335D-04 

-2.0228D-03  4.2964D-04  -1.5711D-04 

-2.1939D-04  2.0062EM)3  -1.3831D-04 

-5.7383D-02  5.1451D-02  -1.7732D-02 

3.5596EM)2  5.4591D-02  1.6685D-02 

-3.3235D-02  1.5275D-02  -9.8121D-03 

-4.8382D-02  3.6968D-02  -8.0728D-02 

2.1924D-02  3.3992D-02  3.5100D-02 

-3.1502D-02  -3.1249D-02  -5.0113D-02 

4.8542D-03  3.9360D-03  4.9479D-02 


109 

-7.83790+00 

-3.13430+05 

no 

-7.83790+00 

-3.13430+05 

111 

-7.83800+00 

-3.13440+05 

112 

-7.83830+00 

-3.13470+05 

113 

-7.83850+00 

-3.13480+05 

114 

-7.83850+00 

-3.13480+05 

115 

-7.87110+00 

-3.16090+05 

116 

-8.01210+00 

-3.27520+05 

117 

-8.15610+00 

-3.39390+05 

118 

-8.20890+00 

-3.43810+05 

119 

-8.26040+00 

-3.48130+05 

120 

-8.27900+00 

-3.49700+05 

121 

-8.30800+00 

-3.52160+05 

122 

-8.40750+00 

-3.60640+05 

123 

-8.41100+00 

-3.60940+05 

124 

-8.62160+00 

-3.79240+05 

125 

-8.62420+00 

-3.79480+05 

126 

-8.66110+00 

-3.82730+05 

-4.8615D-03  1.7901IM)2  -1.5062EM)2 

■4.0896D-03  9.2551D-03  -5.5808D-04 

-3.5865D-04  2.5588IM)3  1.0726D-02 

-9.8286D-04  -8.8023D-04  -5.8466D-04 

-3.7525D-03  -2.4147D-03  1.0503D-03 

-1.23110-03  -9.4900D-04  -2.0401D-03 

-1.014504)3  6.06540-04  -2.06160-05 

-8.57330-04  -1.01350-04  4.55360-04 

-7.95550-04  6.21800-04  -3.48550-04 

-7.95160-05  3.84470-04  -3.967004)4 

7.169304)5  7.552604)4  9.10370-04 

-1.69810-04  -1.16380-05  -6.313504)6 

-2.93860-05  -4.31080-05  3.15600-05 

1.377804)4  8.116504)5  -8.49860-05 

1.49510-04  5.44850-05  -5.58250-05 

-1.63010-04  -2.60800-04  -2.88370-04 

1.468504)4  1.284904)3  -2.11480-03 

1.53860-04  -1  ^3404)3  -7.20340-04 

1.54060-02  4.6M3O-02  3.50420-02 

2.20330-02  -6.73280-02  -1.83250-03 

2.05250-03  1.08540-03  -6.66320-02 

6.49030-02  2.73530-02  -1.931004)3 

5.948104)2  4.01280-02  -3.52710-02 

-5.24410-02  -1.90970-02  -3.47920-02 

-3.70480-02  1.501904)2  -1.44050-02 


A-3 


-3.4610D-02 

2.4742D-02 

1.9822D-02 

3.0427D-02 

1.144SD-02 

-9.6273D-02 

5.8787EM>2 

1.8144D-02 

-3.54740-03 

-8.7285D-03 

-3.68440-03 

-7.78080-03 

-1.98690-02 

1.59540-03 

2.18720-02 

-1.06030-02 

-1.01720-03 

3.79320-03 

-3.51140-04 

-1.24000-03 

2.70540-03 

-1.70860-03 

5.40210-03 

-1.00320-03 

1.79360-03 

-1.16010-03 

-1.05180-03 

3.81150-05 

-6.06250-03 

-1.20560-03 

-1.08460-03 

-7.59460-04 

2.41980-03 

4.25940-04 

1.43940-03 

-8.49990-03 

-2.07630-03 

1.30890-03 

2.59790-03 

1.44340-03 

2.61680-03 

5.60790-04 

-1.79500-04 

2.52770-04 

2.03770-04 

9.36270-04 

6.59400-05 

-3.58940-03 

5.51320-05 


-3.70560-02 

-7.0010EM)3 

2.52290-02 

3.47690-02 

3.72940-03 

6.38690-02 

9.23290-02 

1.13040-02 

-7.38360-03 

4.30260-03 

-1.32030-02 

-7.77660-03 

7.99120-03 

1.67130-02 

-2.1572I>-02 

-1.32390-02 

7.70440-03 

7.42900-04 

1.16470-03 

2.21070-03 

2.27600-03 

-4.14690-03 

5.21950-03 

1.28870-03 

-1.15770-03 

-1.53470-03 

7.25210-04 

-4.73170-04 

-5.63840-03 

-1.16150-03 

-1.25040-03 

-1.12580-03 

-2.35180-03 

5.36510-04 

-1.11390-03 

-6.63270-03 

1.94820-03 

8.19460-04 

-2.90240-03 

-2.24850-03 

-6.51130-05 

5.67760-04 

1.48470-04 

-1.24390-04 

-9.83510-05 

-4.32780-04 

7.64620-05 

3.73680-03 

3.35190-04 


-4.48080-02 

-2.94580-03 

-3.77350-04 

-3.15040-02 

-4.14950-02 

7.37460-02 

-4.70430-02 

-1.19370-02 

1.02360-02 

1.50770-02 

7.38140-04 

8.72640-03 

-5.85180-03 

-1.45920-02 

4.82360-02 

1.87100-02 

-9.04400-04 

-8.71990-03 

-4.00100-04 

-2.12720-02 

-4.19600-03 

5.02550-04 

-6.51510-03 

3.85910-04 

-4.98380-03 

8.00740-04 

3.75950-04 

4.07080-04 

5.68470-03 

-9.99440-04 

8.09840-04 

-8.61590-05 

-1.17150-02 

1.55500-03 

-3.83350-03 

-6.83090-03 

9.85270-03 

1.91080-03 

-9.58930-03 

-1.35280-03 

-4.65890-03 

6.14430-03 

-4.96720-03 

-2.31950-02 

-8.80700-03 

2.74290-03 

1.42000-04 

-1.19230-02 

1.09870-03 


-5.14920-02 

1.55100-02 

1.71940-03 

-4.97410-02 

2.35460-02 

-4.51650-02 

-7.37140-02 

-2.92540-03 

4.69980-03 

-5.50010-03 

1.56910-02 

9.86360-03 

1.89940-02 

-4.57090-03 

-4.97750-02 

7.36790-03 

-6.61800-03 

2.67350-03 

-2.43510-03 

2.03940-02 

-1.924804)3 

5.61210-03 

-6.13920-03 

-7.16030-04 

4.30%0.03 

2.187504)3 

5.13260-05 

5.26160-04 

4.10210-03 

2.984804)3 

6.22750-04 

8.03190-04 

1.15660-02 

2.14590-04 

4.17740-03 

-6.89430-03 

-1.00540-02 

1.472404)3 

9.41180-03 

7.98540-04 

6.30590-03 

-5.20070-03 

5.15830-03 

2.324904)2 

8.92560-03 

-2.06180-03 

6.29060-07 

1.20280-02 

-6.61440-04 


5.18770-03 

-3.88%0-02 

3.988104)2 

-9.81800-03 

1.51480-02 

1.99210-02 

2.41780-02 

-2.935504)2 

2.96150-03 

-9.87890-02 

-3.814804)2 

-1.81690-03 

5.42740-03 

-2.40810-02 

5.10020-04 

1.02520-02 

-1.94260-02 

2.1788I>4)3 

-1.61830-02 

6.55390-03 

-2.24500-03 

-1.72500-02 

5.9618I>4)3 

-8.65930-04 

-1.903404)3 

4.05870-04 

5.64120-04 

5.593304)4 

2.90920-03 

6.47030-03 

-2.13860-03 

-1.04270-03 

-6.75640-05 

7.51170-04 

2.52020-03 

1.4195EM)3 

-1.17710-04 

7.01700-04 

6.33930-04 

-6.14880-04 

2.65240-03 

1.84790-03 

-4.00830-03 

-2.79060-04 

-4.43070-04 

-2.86110-04 

1.08400-04 

-4.04100-04 

7.57110-05 


2.06720-02 

-2.66790-02 

4.20770-02 

-1.81540-02 

1.24470-02 

-3.46380-04 

-1.73790-02 

3.26650-02 

1.94630-02 

2.89550-02 

-1.01400-01 

-7.79320-03 

-1.73670-02 

-8.47550-03 

-8.18870-03 

-3.22050-03 

-1.39940-02 

-2.78230-03 

2.35120-02 

1.11910-03 

-9.07020-03 

2.08180-02 

5.88320-03 

1.22280-03 

-1.50440-03 

5.72960-04 

-3.57340-04 

-3.04140-04 

1.60360-03 

6.87720-03 

-2.06530-03 

-7.41500-04 

9.14500-05 

-1.10730-03 

-2.49050-03 

-1.21820-03 

-1.37590-03 

-1.08280-04 

-4.66760-05 

2.38660-03 

1.13080-03 

-8.38630-04 

-3.23520-03 

1.85760-04 

4.02220-05 

5.63490-05 

3.81090-05 

9.19450-04 

-4.74280-04 


A-4 


2.2625D-05 

8.2355D-05 

-3.6493D-05 

-5.6044D-04 

-4.1420D-03 

-3.3344IM)4 

5.2655D-04 

3.2260D-02 

1.3081IM)3 

-5.2366D-02 

-7.5112D-05 

2.2435D-02 

-5.2096IW)4 

6.7384D-03 

1.0904D<02 

-1.0228EM)2 

-8.3630IM)4 

-6.5308D-03 

3,8733D-03 

-6.7843D-03 

1.6356D-03 

1.5159D-04 

-1.2173D-02 

7.4819D-04 

9.1789IW)4 

2.0398D-04 

4.6342D-04 

4.4372EW)4 

7.2307D-04 

3.2658D-04 

2.1957EW)4 

-4,1675D-03 

-4.2530EM)3 

-5.9299D-04 

6.1288D<04 

4.0789D-05 

-2.1237D-04 

-8.5243D-04 

1.2835D-04 

3.5145D-04 

-8.5534IW)4 

5.0715IW)2 

6.8124D-03 

1.0531D4)2 

9.2247D-03 

-9.9648D-04 

2.0674D.03 

6.96%D-03 

1.0742D-02 


-1.1758D-06 
1.2036D-04 
-2.3055D-04 
3.9982D-04 
4.1014D-03 
4.1331EM)4 
-5.9097EW)4 
-3.2245EM)2 
-1.4323D-03 
5.2322D-02 
-7.7593D-05 
-2.2474D-02 
2.4987D-04 
-3.3627IW)3 
1.4637EM)2 
6.5049D-03 
1.4016IM)3 
6.3502D-03 
-2,205 1IW)3 
-6.3143D-03 
8.0302D-04 
6.7821IW)4 
1.1646D-02 
-9.4626D-04 
-9.1710IW)4 
-1.76230-04 
-3.8835D-04 
-1.87440-04 
-4.25590-04 
1.07580-04 
-5,81150-05 
-5.22310-03 
2.10910-03 
-1.56850-04 
-5.90050-04 
-2.71430-05 
-1.24120-04 
8.23320-W 
-5.21060-05 
-3.25620-04 
5.10540-04 
-4.87910-02 
3.81030-03 
-1.34770-02 
-2.41730-03 
2.98280-03 
7.342404)4 
-3.73850-04 
1.16360-02 


-7.90570-04 

9.80190-04 

-7.50680-04 

-7.30900-05 

4.60690-03 

8.42270-04 

1.07700-04 

-1.63740-02 

-8.02590-04 

3.80760-02 

1.76470-04 

-1.77500-02 

1.24420-03 

-1.41210-03 

1.28720-02 

5.58930-03 

1.16990-03 

7.10280-03 

3.11240-04 

-6.87380-03 

1.84980-03 

1.63740-03 

2.91250-03 

-3.36940-04 

6.43270-04 

-8.31000-05 

-7.74620-05 

-5.93770-05 

-2.94080-04 

6.11780-05 

3.00200-04 

-5.18650-03 

1.21510-03 

-7.52070-04 

-3.98340-04 

2.49820-05 

-2.78310-04 

5.04780-04 

-6.05920-05 

-2.22880-04 

-1.33960-03 

-2.03980-02 

-3.85740-03 

-2.77120-03 

-8.59510-03 

-1.36020-03 

-9.28280-04 

-5.33820-04 

-1.71810-02 


7.37890-04 

-8.22880-04 

4.46510-04 

-1.05080-04 

-4.62440-03 

-8.21760-04 

-1.21780-04 

1.63720-02 

5.74760-04 

-3.7963EM)2 

1.63110-04 

1.76530-02 

2.30400-04 

6.32010-03 

9.98370-03 

-8.20900-03 

-4.76960-04 

-4.51380-03 

6.30540-03 

-8.31410-03 

3.61340-03 

1.43020-03 

-3.342804)3 

2.66390-04 

-5.87270-04 

3.22470-05 

1.17820-04 

6.14680-05 

2.63030-04 

6.94370-06 

3.43390-04 

-4.37680-03 

-3.57890-03 

-1.53910-03 

4.11550-04 

9.37590-05 

-4.4067EM)4 

-5.41480-04 

6.42200-05 

2.755504)4 

-1.59640-03 

2.14640-02 

-4.38010-03 

6.77260-03 

1.58320-03 

-1.87240-03 

-5.89390-03 

-8.90070-03 

-1.43640-02 


-2.79570-03 

2.810404)3 

-4.429404)4 

-2.8428I>4)3 

-5.46430-04 

4.041104)4 

-6.564904)4 

-3.34640-03 

7.37990-03 

-6.90180-03 

4.47500-04 

-1.06630-02 

5.70210-03 

4.61510-02 

-6.18110-03 

1.85020-02 

-2.00840-02 

2.54130-03 

-1.95680-02 

-3.72810-03 

-5.57470-03 

1,01110-02 

-1.11930-03 

-1.22290-03 

9.98370-04 

2.94140-03 

-3.06360-03 

-4.323904)3 

-4.28420-03 

-4.83740-03 

1.613704)3 

8.488804)4 

-4.48580-03 

1.61160-03 

-3.185804)4 

-7.250904)4 

6.20560-04 

-5.71940-04 

3.73940-04 

-5.34160-04 

-2.453004)2 

-3.10820-03 

-1.79900-02 

1.75120-02 

-1.263204)2 

5.66630-03 

4.90880-02 

3.42850-03 

-1.45640-02 


2.96000-03 

-2.78800-03 

7.328604)4 

2.67730-03 

5.00710-04 

-4.69910-04 

6.85070-04 

3.40320-03 

-7.31280-03 

6.805104)3 

-5.576804)4 

1.082204)2 

-5.15720-03 

-4.56700-02 

8.51400-03 

-1.87480-02 

2.01380-02 

-4.199004)3 

1.62390-02 

1.207204)2 

-4.98420-03 

9.75300-03 

4.70670-04 

1.63840-03 

-8.57600-04 

-2.74960-03 

3.04850-03 

4.20480-03 

4.19920-03 

4.50160-03 

-1.31080-03 

-5.05050-04 

4.74420-03 

1.70770-03 

3.89250-04 

5.36400-04 

8.70150-04 

5.72860-04 

-3.88470-04 

5.24810-04 

-2.36510-02 

5.53980-03 

1.22700-02 

-2.414604)2 

3.91050-03 

-6.23980-03 

-4.68930-02 

1.27580-02 

-2.55920-03 


A-5 


2.7282D-02  2.823  lD-02 

1.3465D-02  4.9978D-03 

-7.6428D-03  -8.0982D-03 

Columns  7  thru  12 

4.9201D-03  -3.8118D-03 

2.6861D-03  1.1287D-03 

2.2043D-03  3.6813D-03 

-1.2176D-03  -7.5855D-04 

-2.8657D-03  1.3455D-03 

-1.1559D-03  -2.85%D-03 

1.1768D-04  8.6878D-04 

1.0808D-03  -4.0698D-04 

-3.5522D-04  3.0468D-04 

-3.7277D-04  -1.3131D-04 

-8.6180D-04  -9.1350D-04 

8.7743D-05  -2.6812D-05 

9.3909D-05  -2.4455IW)5 

-2.37720-04  2.7665D-04 

-1.9699D-04  2.1238D-04 

-1.9282D-04  -1.9296D-04 

2.6394D-04  -2.753 10-04 

-9.23090-05  5.51130-05 

-1.54790-02  1.09200-02 

-2.09040-02  -4.79520-03 

-4.07490-03  -2.45570-02 

3.59390-02  -7.00700-04 

5.30150-02  -4.99470-02 

-2.61300-02  -5.71740-02 

5.46380-02  -5.19530-02 

4.67660-02  5.88770-03 

-4.98680-02  -5.85600-02 

3.12400-02  3.29680-02 

5.80530-02  -5.34420-04 

-1.96170-03  -6.49510-02 

-1.89180-02  -1.03580-02 

-2.80230-02  1.32860-02 

9.40760-03  -2.53840-02 

-3.37490-03  -6.36170-03 

7.61890-02  -2.13220-02 

2.58780-02  7.63590-02 

5.38700-03  7.73720-03 

2.36360-03  8.50260-03 

1.66400-02  1.66390-02 

-3.18110-05  6.77670-03 

-7.71130-03  4.76320-04 

1.07160-02  2.47380-02 

1.26010-03  2.03760-03 


-3.53960-02  -3.98540-02 

-1.68030-02  -6.95140-03 

1.46690-02  1.69740-02 


1.53410-02  -1.99220-02 

-8.81180-04  8.39280-03 

-1.07940-02  -3.42140-03 

-3.16090-04  2.65990-03 

1.15570-03  -4.079904)4 

-1.94890-03  -7.22510-04 

1.18750-04  -6.35260-04 

4.24110-04  -2.76760-04 

-2.85500-04  7.13590-04 

-9.27810-04  -7.84340-04 

5.24370-04  -7.85440-05 

-1.10600-05  2.14600-05 

6.26680-05  -5.9120EM)5 

6.49870-05  -5.60530-05 

5.18670-05  -4.63250-05 

-2.92530-04  -2.53000-04 

8.98170-04  1.61780-03 

1.98330-03  -1.43590-03 

-3.6183I>-02  5.44600-02 

1.84680-02  -4.6623EM)2 

6.31260-02  2.02320-02 

9.80470-03  -3.90050-02 

-3.52640-02  3.08940-02 

-3.98090-02  -1.90070-02 

4.61540-03  -1.28250-02 

3.27760-02  1.40010-02 

2.78900-02  4.43930-02 

3.30920-02  2.35530-02 

-8.96020-03  -5.07320-03 

-2.51940-02  -2.20100-02 

6.76050-03  -3.09820-02 

-2.54350-02  1.68480-02 

9.03410-02  -5.14840-02 

-5.84180-02  -8.73420-02 

-2,58440-02  2.61480-02 

-1.76670-02  -2.99150-02 

-7.73050-03  -1.85240-03 

1.34100-02  1.61000-02 

1.20570-02  -1.50390-02 

6.10050-03  -3.44480-04 

1.35660-02  1.05520-02 

1.40240-02  6.59630-03 

2.12350-02  -2.67200-02 


5.11170-03  -1.36880-02 

-2.78990-02  -2.21400-02 

-1.28690-02  -1.61690-02 


3.71680-03  -5.51750-03 

9.83140-04  2.34110-03 

-3.81920-03  -2.50980-03 

-4.60710-04  3.40830-03 

1.63160-03  -3.15260-04 

-3.07090-03  -8.52770-04 

-8.21100-04  -9.27930-05 

-4.15860-04  1.24280-03 

1.24310-04  -5.52120-04 

9.92830-04  8.27610-04 

-8.07220-05  1.20270-05 

4.81460-05  -1.08350-04 

-1.18550-04  1.41330-04 

-2.32740-04  1.73580-04 

-1.94840-04  1.71990-04 

-1.83820-04  -1.84250-04 

-1.93060-05  5.14700-05 

2.58340-04  -2.52790-04 

-1.07080-02  1.80880-02 

3.01210-03  -1.52090-02 

2.46290-02  1.15890-02 

1.18150-02  -5.28620-02 

-5.52050-02  4.45460-02 

-7.02040-02  -2.27610-02 

3.64610-02  -6.73660-02 

3.75840-02  4.90230-02 

5.03250-02  4.06950-02 

1.20230-02  1.88420-02 

-2.55310-02  4.80570-02 

5.40460-02  2.58520-02 

5.58220-03  2.78600-02 

2.29230-02  -1.92830-02 

-6.84340-02  3.17220-02 

4.05890-02  6.48890-02 

2.33070-02  -2.60880-02 

1.93210-02  2.56620-02 

7.79750-03  5  40770-03 

-1.27030-02  -1.79260-02 

1.93140-03  4.99990-04 

-2.93210-03  -8.50540-04 

-2.18090-03  -2.35990-02 

-1.05230-02  -1.18440-02 

3.87530-02  -3.44460-02 


A-6 


-2.5801D-02 

-3.91840-03 

6.7680D-03 

-5.2154D-02 

-9.21030-03 

-9.06650-04 

6.37670-03 

8.91820-03 

-6.07690-04 

-1.86990-03 

-4.36650-03 

-7.28630-03 

2.43880-03 

1.32730-03 

-2.05280-04 

-6.81640-04 

-2.15690-03 

-9.86110-04 

-1.17330-03 

-2.04530-03 

-9.54510-04 

3.78500-03 

8.72610-04 

-3.74350-03 

-3.21870-03 

-1.12040-03 

4.91750-03 

-1.12190-02 

2.62310-04 

-3.09520-03 

8.48240-04 

-9.36950-03 

9.17510-03 

-1.98800-03 

-8.81420-03 

-2.20270-03 

5.40410-04 

-4.02060-03 

-5.45890-04 

-6.02480-04 

3.56350-03 

2.65560-05 

5.68250-03 

-4.00500-03 

-3.45780-02 

5.68270-03 

-1.53580-02 

1.57020-02 

-5.14840-03 


1.94500-02 

-6.02080-03 

5.36400-03 

4.94770-02 

-8.37510-03 

3.60400-04 

-1.41190-03 

-1.05720-02 

1.59690-03 

3.32720-04 

-6.39390-04 

-7.23080-03 

1.97070-03 

1.15940-03 

-3.47460-04 

7.13150-04 

2.30970-03 

1.66770-03 

1.32420-03 

1.50780-03 

2.36880-03 

-1.27720-03 

2.57080-03 

4.64530-03 

-2.66220-03 

1.05150-03 

-5.30760-03 

1.09510-02 

-1.39600-04 

3.61620-03 

-1.27610-03 

9.39370-03 

-9.19380-03 

2.21710-03 

8.62960-03 

2.21950-03 

-5.45630-04 

4.01680-03 

6.17020-04 

6.88970-04 

-3.26950-03 

4.07890-04 

-6.00380-03 

2.87080-03 

3.46200-02 

-5.17850-03 

1.37420-02 

-1.61740-02 

1.96370-04 


-5.40750-03 

-2.993513-03 

-9.43420-03 

1.17550-03 

5.66470-03 

-8.80670-04 

5.42270-04 

1.70440-03 

2.83700-04 

-5.97620-04 

4.08950-03 

-5.312404)3 

-1.51500-03 

-4.34200-04 

2.18920-04 

-2.14070-03 

1.50760-03 

-1.07530-03 

1.65110-03 

-8.83120-05 

-8.05540-04 

-4.92710-03 

1.15940-03 

-3.18860-03 

-4.71930-04 

6.320^0-05 

4.63100-04 

1.09370-04 

3.58340-06 

-1.53920-03 

-4.36720-03 

-5.32440-04 

7.76990-04 

4.12410-04 

-8.42990-04 

-5.77690-04 

1.06760-04 

2.15050-05 

-3.18320-03 

-1.09570-02 

-8.93080-03 

-9.58540-04 

-1.31490-02 

-5.45690-02 

1.07450-02 

1.76420-03 

6.04100-03 

1.13760-02 

8.27240-03 


-1.48960-03 

-5.04480-03 

1.38480-02 

3.11700-03 

5.50190-03 

1.10510-03 

1.50480-03 

7.59900-04 

-5.57770-05 

8.25940-04 

4.78440-03 

-4.59660-03 

-1.62730-03 

-1.18940-03 

4.10040-05 

1.71460-03 

-1.74430-03 

1.58600-03 

5.25480-04 

7.73530-04 

-1.77560-03 

-1.81950-03 

4.09410-03 

-1.29580-03 

-4.161304)4 

7.12360-05 

-3.55440-04 

-5.46000-04 

1.48820-04 

1.00990-03 

4.42520-03 

7.02290-04 

-7.48190-04 

-3.27810-04 

1.23030-03 

6.38900-04 

-8.54720-05 

4.93730-05 

3.11420-03 

1.09980-02 

8.99690-03 

8.37810-04 

1.29620-02 

5.44970-02 

-9.63380-03 

1.32280-03 

-6.29490-03 

-1.15030-02 

-1.01390-02 


9.33530-03 

6.66000-05 

-4.26100-02 

-5.52030-03 

-7.39720-03 

-4.56340-04 

4.30210-03 

-8.14510-03 

-7.22050-04 

7.95990-04 

-3.55890-03 

6.63090-03 

1.41630-03 

4.62740-04 

2.42860-04 

3.80080-03 

-3.28670-03 

1.99510-03 

-1.46990-03 

2.57840-03 

-4.38630-03 

-1.39930-04 

6.84670-03 

3.21980-04 

2.72330-03 

-2.01080-03 

1.29320-02 

9.98600-03 

-2.48940-04 

-5.43660-03 

-1.43910-02 

-1.15120-03 

1.58090-03 

1.57620-03 

-2.29010-03 

-9.46420-04 

-4.00100-03 

7.01780-04 

-8.31110-05 

2.64560-03 

4.96610-03 

6.93310-04 

8.67930-03 

4.17030-02 

-9.25320-03 

9.95410-04 

-5.03290-03 

-9.37880-03 

-7.49730-03 


-1.64820-04 

9.72240-03 

3.82450-02 

4.70520-04 

-8.45510-03 

1.91600-04 

-7.20310-03 

4.77290-03 

-8.37670-04 

-1.41610-03 

-5.65960-03 

3.49790-03 

1.55660-03 

1.58200-03 

2.24130-04 

-3.75480-03 

2.73020-03 

-9.77350-04 

2.14520-03 

-3.11610-03 

1.33860-03 

-6.32290-03 

-2.66190-03 

-3.92940-03 

-3.21030-03 

2.12940-03 

-1.27490-02 

-1.04330-02 

3.84520-04 

4.84450-03 

1.44050-02 

1.26440-03 

-1.65600-03 

-1.50850-03 

2.66430-03 

9.43140-04 

3.99380-03 

-6.84160-04 

7.59290-06 

-2.54690-03 

-5.32120-03 

-2.82580-04 

-8.25940-03 

-4.16650-02 

7.70630-03 

1.02390-03 

5.60780-03 

9.39050-03 

8.95460-03 


A-7 


1.4220D-02  -1.5441D-02  3.8237D-03 

8.3476D-03  -5.5179D-03  1.1401D-02 

-3.0262D-03  -3.6332D-03  1.5869D-02 

1.0116D-02  1.0701D-02  1.6311D-03 

4.0814D-04  -6.2438D-04  -1.0671D-03 

5.1244D-04  -5.9267D-04  -8.678  lD-03 

-2.8274D-04  3.0130D-04  -1.0408D-03 

-9.9563D-04  1.3095D-03  -5.3999D-04 

1.1510D-03  -1.2451D-03  -6.1176D-04 

2.5579D-03  -2.5359D-03  6.1687D-04 

1.4895D-03  -1.6764D-03  3.2446D-04 

1.9136D-03  -1.6727D-03  2.0995D-03 

-2.6939D-04  9.6400D-04  5.2058D-04 

-6.0023D-04  4.6838D-04  1.0454D-03 

3.6761D-03  -3.6402D-03  -3.5685D-03 

7.4913D-04  7.8337D-04  -1.4777D-02 

3.3503D-04  -2.2964D-04  -3.8U2D-04 

4.4889D-04  -5.8155D-04  8.0565D-04 

6.0354D-04  4.0467D-04  -1.7668D-03 

4.5904D-04  -4.6726D-04  -5.9504D-04 

-2.9616D-04  3.3749D-04  -5.0514D-04 

4.6928D-04  -3.8844D-04  -1.1719D-04 

-2.3816D-02  -2.4555D-02  .1.4585D-03 

1.2366D-03  -5.3080D-03  -5.6227D-03 

1.2851D-02  -7.8285D-03  3.7494D-02 

-8,98220-03  1.7003D-02  2.61660-02 

1.05610-02  1.01380-03  -3.01340-02 

-3.82340-03  5.43120-03  -1.15550-02 

-3.28070-02  3.36220-02  -3.66300-03 

-1.01280-02  -1.19020-02  -1.48390-02 

1.33860-02  9.78690-03  1.24320-03 

-2.00250-03  1.37140-02  -2.35450-02 

3.27720-02  2.89190-02  1.43730-02 

2.02420-02  2.37040-02  -1.27350-02 

Columns  13  thru  18 

-1.70120-03  -9.32600-05  1.00020-03 

-3.84290-04  -5.58450-03  -5.23580-03 

-6.17820-03  -2.95940-03  3.43370-03 

-5.52920-04  -5.16810-04  -3.13980-04 

-2.58680-04  6.79950-04  7.93270-04 

4.19300-04  1.05570-04  7.12480-05 

1.63460-04  3.23790-04  -3.29640-04 

2.42260-04  -2.18070-05  -9.66260-06 

-1.31760-04  -2.14140-05  -6.94060-05 

-4.02610-05  -1.90720-05  6.08860-05 

-5.94090-05  -7.22640-05  1.25930-05 

-1.65500-05  -4.38940-04  3.48860-04 


-1.12940-02  -1.07400-02  2.41250-03 

4.57680-03  2.01040-03  7.90840-03 

1.53990-02  1.58120-02  1.65910-02 

1.74000-03  2.42140-03  2.94770-03 

1.64630-03  4.83940-04  -7.58510-04 

8.28230-03  3.13540-03  -3.37220-03 

9.52330-04  5.87640-04  -5.92200-04 

5.70620-04  -5.90710-05  3.58310-04 

4.59360-04  -5.41590-04  4.27040-04 

-7.19970-04  -1.23830-04  2.49250-04 

-5.97320-04  -1.06760-04  2.68880-04 

-2.08210-03  -7.26940-04  8.62370-04 

-2.15310-04  2.29310-04  4.38120-04 

-5.89200-04  -6.77360-04  6.67620-04 

4.01260-03  3.13790-03  -3.03920-03 

-1.40480-02  -1.42260-02  -1.48530-02 

3.83740-04  2.97270-04  -3.22280-04 

-1.61860-04  -7.34750-05  7.07100-04 

-1.6665I>-03  -1.79600-03  -1.88800-03 

4.86870-04  3.67220-04  -4.76650-04 

4.17150-04  3.57910-04  -3.96980-04 

4.78740-04  3.99320-04  -8.19820-05 

-1.16540-03  -2,11050-03  -2.96260-03 

1.25990-03  4.iil3O-03  -1.76540-03 

-4.08770-02  -2.05020-02  2.64880-02 

-1.54290-02  -1.72120-02  6.09010-03 

3.11030-02  1.77860-02  -2.16470-02 

9.84260-03  7.40170-03  -6.05090-03 

-4.57940-04  5.68680-03  4.23020-04 

-7.69840-03  1.65250-02  1.45950-02 

-6.87690-03  5.22730-03  2.60410-03 

-1.20380-02  2.67180-02  1.74620-02 

2.50660-02  -2.09980-02  -3.08240-02 

-1.09470-02  1.97620-02  1.91240-02 


1.71860-03  4.34240-05  -9.50380-04 

3.28310-04  5.65230-03  5.33400-03 

6.18180-03  2.84270-03  -3.27730-03 

4.52660-04  5.06380-04  -2.79440-04 

3.11710-04  -9.13010-05  -5.35760-04 

4.21650-04  4.87220-04  4.46750-04 

-1.76930-04  1.03390-04  -1.06720-04 

2.31240-04  -2.93920-04  -3.05200-04 

-1.50840-04  8.91330-05  8.52530-05 

1.78650-05  4.87710-05  6.28760-05 

2.24270-07  -2.66340-05  -8.28930-06 

2.04420-04  -6.32420-04  5.34870-04 


-S.S168D-04  1.5326D-04 

3.885  lD-04  -4.928 lD-04 

-1.2550D-04  1.1386D-04 

-1.9485D-03  -1.9305D-03 

-2.6466D-03  8.9418D-04 

-2.1601D.03  -3.3199D-03 

4.9675D-03  4.1142D-04 

5.3365D-03  2.2522D-02 

2.28S8D-02  8.0833D-03 

-1.3726D-02  -1.5007D-02 

7.6959D-03  4.0665D-03 

3.2595D-03  2.8205D-03 

-6.6266D-03  -2.3430D-03 

9.8636D-03  1.1290D-02 

-2.4487D-02  -2.5193D-02 

4.5715D-04  .2.2726D-04 

-2.1008D-02  -1.6700D-02 

1.6401D-02  2.2081D-02 

-8.5691D-03  6.2674D-03 

1.4736D-02  -3.0377D-03 

1.5797D-02  -5.5109D-03 

1.1012D-02  -2.5225D-02 

8.4619D-03  2.8993D-03 

1.2139D-02  1.0361D-02 

-2.6684D-02  -3.3698D.02 

1.5669D-02  .2.30070-02 

-3.2900D-02  -1.4509D-02 

-1. 28630-02  2.09930-03 

2.19830-02  -2.73780-02 

1.95450-02  9.38870-04 

-1.81610-02  2.48340-02 

4.71430-03  -4.23840-03 

-2.61580-02  3.08400-02 

-2.25800-02  1.62280-02 

-8.37850-03  7.18150-03 

-6.28740-03  -1.15460-02 

-2.20510-02  2.35720-02 

-1.55220-02  -3.21330-03 

-1.62470-02  2.26150-02 

-5.80000-03  2.32930-02 

-2.33950-02  4.67130-03 

3.34240-03  -4.17340-03 

-1.77680-03  2.45280-03 

-5.87270-03  -6.09030-03 

-4.98490-03  4.38600-03 

-1.67570-02  -7.83010-03 

2.41650-03  -2.18700-02 

2.97860-02  -2.13290-02 

-1.10550-02  8.89160-03 


4.05310-04  -6.01810-04 

4.17700-04  -2.37690-04 

-1.20550-04  1.38400-04 

-1.93100-03  -1.95010-03 

3.20110-03  2.42370-03 

-1.24330-03  2.40350-03 

-3.26240-03  -5.03 1 10-03 

1.73170-02  -4.79150-03 

-1. 607913-02  -2.29400-02 

1.34110-02  1.13800-02 

8.32140-03  1.09590-02 

4.37760-04  3.28620-04 

3.51470-05  5.44910-03 

1.79040-02  1.78900-02 

1.89370-02  1.83850-02 

-9.56290-03  -8.36520-03 

-4.07950-03  -1.03320-02 

-2.73690-02  -2.39540-02 

-5.34830-03  2.10740-03 

-4.39590-03  1.74630-02 

-1.39770-02  1.22640-02 

1.53870-02  1.38010-02 

-1.38660-02  1.37020-02 

-1.31440-02  8.39760-03 

-3.45130-02  -2.66210-02 

2.12950-02  2.48600-02 

1.55070-02  -2.55400-02 

5.01040-03  1.02980-02 

-2.78780-02  1.31200-02 

1.70050-02  -3.03710-02 

-4.42630-03  7.60560-03 

1.87240-02  -1.70290-02 

-3.06290-02  2.40430-02 

-5.37930-03  5.02530-03 

-1.54790-02  2.33830-02 

-9.76700-03  -7.47070-03 

-2.40470-02  2.17190-02 

-4.42520-03  2.05530-02 

2.12460-02  -9.96780-03 

-1.85990-02  -6.60580-03 

1.62990-02  -2.30740-02 

-2.48090-03  3.60640-03 

-3.74780-03  2.51910-03 

-5.79370-03  -6.05290-03 

6.25810-03  -6.33850-03 

9.20530-03  1.60600-02 

-2.81840-02  1.55980-02 

6.66160-03  -2.28230-02 

8.90880-03  -1.16600-02 


2.23970-04  3.67300-04 

1.33200-04  -2.09660-04 

-1.50120-04  1.43220-04 

-1.96530-03  -1.96470-03 

-5.08380-04  -3.28280-03 

3.35760-03  8.66190-04 

-1.87830-04  3.07140-03 

-2.26600-02  -1.78810-02 

-7.33080-03  1.52940-02 

6.83620-04  2.41650-03 

-1.35550-02  -1.33530-02 

-1.17770-02  -1.19010-02 

-3.45260-03  3.28300-03 

-2.20440-02  -2.14340-02 

4.05360-05  1.16280-03 

-1.20970-02  -1.32440-02 

2.49350-02  2.71860-02 

9.84210-03  3.35970-03 

8.77460-03  -3.20010-03 

-1.28520-02  -1.36840-02 

2.25810-03  -1.32760-02 

-2.24620-02  1.23750-02 

-6.54870-03  -1.31030-03 

1.23950-02  -1.92410-02 

-3.67490-02  -3.84770-02 

-1.99350-02  5.89400-03 

-7.95500-04  1.97310-02 

-9.12200-03  5.40070-03 

-2.27410-03  2.14670-02 

-2.71710-02  1.86470-02 

-2.03550-02  1.47320-02 

2.65710-02  -2.21610-02 

-6.52270-03  8.22160-03 

-2.22960-02  2.98620-02 

-2.02250-02  1.24440-02 

-6.81030-03  -1.09630-02 

-2.47220-02  2.42680-02 

1.86560-02  -1.52400-02 

-5.17980-03  -1.36870-02 

2.42970-02  -1.65360-02 

6.76830-03  1.88040-02 

-1.87580-03  -8.23390-04 

3.62710-03  -5.30510-03 

-6.20570-03  -5.52960-03 

-4.66690-03  -5.49710-03 

2.23840-02  -2.21440-02 

1.48660-02  1.59170-02 

9.62090-03  -8.73740-04 

1.55420-03  2.36840-03 


-1.8868D-02  2.0037D-02 

-5.5537D-02  5.3996D-02 

^.3557D-02  4.7100D-02 

1.6721D-02  -1.6701D-02 

6.1856D-03  -7.2650D-04 

-6.8161D-03  3.1994D-03 

3.0046D-03  1.7691D-03 

8.9719D-04  6.1932D-03 

1.0339D-04  7.0610D-03 

1.4049D-02  -1.2620D-02 

-8.6199D-03  -8.4593D-03 

2.1579D-03  -1.1024D-03 

-4.4142D-04  -1.2670D-03 

-1.5536D-02  -9.1640D-03 

-2.0717D-02  -2.7010D-02 

1.7359D-02  1.8365D-02 

-1.9957D-02  -1.3318D-02 

1.8405D-03  4.0764D-03 

2.1524D-03  8.7663D-04 

1.2134D-03  -8.8666D-04 

1.2164D-02  1.1293D-03 

.7.7709D-03  1.7618D-02 

1.1358D-02  -4.6959D-03 

-4.2936D-03  -3.0340D-03 

-8.2248D-03  4.3107EM)3 

3.5513D-03  -8.2254D-03 

-1.7089D-02  1.7521D-02 

4.9785D-03  -7.1357D-03 

l,9496D-02  -3.0939D-02 

-4.6489D-02  3.8470D-02 

2.9715D-04  7.3269D-03 

2.1973D-03  -1.0396D-04 

4.8315D-04  -3.72340-03 

1.6252D-03  1.641 10-03 

1.27130-03  7.23140-04 

-1.34550-03  -9.69600-05 

2.74240-04  1.68080-05 

1.07320-05  -1.26720-04 

2.30730-04  -2.11220-04 

-3.18940-04  1.75170-04 

4.93100-04  -4.51520-04 

-2.39870-04  3.36300-04 

-3.65850-04  3.92940-04 

7.18640-04  -3.88280-05 

-2.50350-03  2.17350-03 

1.15880-02  -1.22870-02 

-3.98750-04  -1.21220-03 

-2.99540-05  -3.07870-04 

-1.38660-04  4.22030-04 


-2.55240-02  2.41750-02 

5.44270-02  -5.71100-02 

-4.49800-02  4.10540-02 

1.43380-02  -1.43580-02 

-2.26510-03  9.26580-04 

1.07460-03  4.36840-03 

3.78880-04  -4.91170-03 

-5.75170-03  -1.34770-03 

-1.37210-02  8.38580-03 

-6.71640-03  1.14030-02 

-8.37890-03  -8.47270-03 

-2.02390-03  -1.93770-03 

-9.03620-03  4.27660-03 

-2.61180-02  -2.45110-02 

-7.22020-03  -9.62110-03 

1.49780-03  2.69940-04 

2.28170-02  2.62410-02 

-3.48960-03  -1.52610-03 

1.12130-03  -1.39400-03 

-7.10980-04  -1.74310-03 

-3.38390-03  -1.11620-02 

1.72000-02  -8.96950-03 

2.72700-03  -9.90540-03 

-2.65000-03  -4.66150-03 

-9.37020-03  1.32630-02 

2.60590-03  -4.2479I>-03 

-8.10440-03  5.20270-04 

3.96470-03  -1.80770-03 

2.63150-02  -1.54770-02 

4.51150-02  -5.05240-02 

-8.40620-03  5.06510-03 

7.60470-03  -2.17420-04 

-2.03650-03  -8.75240-04 

2.86810-03  -4.34210-05 

1.11100-03  9.24010-04 

2.11410-04  9.37170-04 

1.00800-03  -1.15160-03 

4.09060-04  -1.78720-04 

-3.75500-04  4.53070-04 

-5.67440-04  5.76380-04 

5.89890-05  -1.50510-04 

-5.43250-05  -3.45850-05 

1.67100-04  7.59890-05 

7.53750-04  -1.21610-04 

-2.83730-03  2.32160-03 

1.27360-02  -1.24610-02 

-7.03240-04  -6.27870-04 

3.95280-04  -3.74480-05 

5.50060-04  -2.07060-04 


6.90700-02  -6.86970-02 

7.47360-03  -2.85120-03 

-1.46160-02  1.46040-02 

2.91120-02  -3.07170-02 

6.47100-03  -7.26260-03 

-7.70670-03  4.13340-03 

-9.63450-04  -4.21020-03 

1.57200-02  -1.56310-02 

4.93610-03  -7.92480-03 

-4.48880-03  -2.41600-03 

-7.94770-03  -8.04180-03 

-8.93200-03  1.08630-02 

9.76000-04  -4.22140-04 

-8.34150-03  -7.35610-03 

-1.62580-02  -1.75060-02 

-3.03040-02  -2.97070-02 

-9. 1 1920-03  -8.20020-03 
-2.58910-03  1.47940-03 

-7.83230-04  -2.03860-03 

1.59810-03  6.59130-04 

-1.14210-02  1.26850-02 

-9.83230-03  -7.27910-03 

-9.57880-03  1.01910-02 

-3.55880-03  -3.95650-03 

-6.36240-03  6.51200-03 

1.40370-02  -7.94830-03 

-5.34970-05  5.93960-03 

-7.49480-03  3.60230-03 

-5.06020-02  5.16410-02 

3.55220-03  8.28040-03 

6.79060-03  -8.25750-03 

-4.14820-03  1.20130-04 

-3.20640-03  -3.50630-03 

1.77060-04  2.62930-03 

1.59000-03  5.93200-04 

4.37090-03  -4.57100-03 

-2.97430-04  -6.85970-05 

9.07060-04  -9.62680-04 

1.23190-04  2.29930-04 

-1.42280-05  4.11110-05 

1.29550-04  4.54340-05 

-4.10050-04  3.52520-04 

2.04590-04  -9.57370-05 

6.43610-04  4.10890-05 

-2.96510-03  2.61120-03 

1.35900-02  -1.41690-02 

2.09130-04  -1.55150-03 

2.50980-04  -2.53070-04 

-1.14740-04  -3.39040-04 


A-10 


-9.8391D-05  -3.0869D-04  -2.6535D-04 

-2.4740D-05  -1.6135D-04  1.5483D-04 

1.2756D-03  -1.0536D-03  -1.3908D-03 

-6.4577D-04  9.5513D-04  -3.825  lD-04 

-1.1750D-03  -1.1882D-03  -7.7058D-04 

3.0910D-02  -1.2578D-02  1.2519D-02 

3.2768D-02  -5.3247D-02  -4.7692D-02 

-4.4708D-02  2.8673D-02  2.1326D-03 

1.9651D-02  -2.6545D-02  -2.8486D-02 

-5.8219D-02  5.8635D-02  -7.5559D-02 

3.3736D-02  -3.3568D-02  2.0556D-02 

-3.6954D-02  4.80680-02  -2.5 1080-02 

-4.69930-02  3.34830-02  5.03990-02 

3.48190-03  1.15580-02  1.96790-02 

2.15740-02  1.83540-02  -9.08960-03 

-1.99510-02  -1.75800-02  -1.89340-02 

Columns  19  thru  24 

1.56030-01  -1.45200-01  4.05240-02 

-1.32640-01  -1.57070-01  -6.26690-02 

8.27400-02  -7.07800-02  1.15630-02 

1.32490-01  -2.93420-02  2.15770-01 

-3.52860-02  -1.23570-01  -5.59390-02 

-3.58550-02  -4.47790-02  -5.10810-02 

-1.25130-01  1.07580-01  1.73540-01 

4.03960-02  5.30380-02  -1.44340-01 

1.72390-01  1.71690-01  -1.14900-01 

-5.37260-02  6.16520-02  -1.30640-02 

-2.87920-02  5.70110-02  1.37260-02 

-2.44510-02  2.41460-02  6.18090-02 

-7.77830-04  7.57630-04  -1.29700-02 

1.22120-02  -1.13690-02  -4.58080-02 

2.57330-02  -2.54580-02  -9.51600-02 

2.06250-02  2.11450-02  1.24990-02 

1.06410-01  -2.26020-02  8.26500-03 

1.15320-02  -1.05460-01  7.27030-03 

6.36530-02  -5.70730-02  1.96690-02 

-2.47760-02  -3.79980-02  -1.16140-02 

2.25090-02  -1.03450-02  6.64540-03 

5.52900-03  -4.22460-03  9.22550-03 

-2.31370-03  -3.58730-03  -3.70420-03 

2.97610-03  2.95220-03  4.73430-03 

-3.47100-04  -2.81440-04  -3.53800-03 

2.34370-03  2.50940-03  3.03430-03 

-1.50890-03  4.26950-04  1.79650-04 

-1.07310-03  -1.36570-03  2.04280-05 

-1.36140-03  -1.55570-03  1.40960-03 

-5.09040-04  -1.65870-04  1.84550-03 


-1.39780-04  -3.38850-05  -4.96370-04 

5.27370-06  -6.49910-05  2.21810-05 

1.49200-03  1.43430-04  -4.09400-04 

9.69070-05  1.50930-03  -1.44820-03 

-1.23370-03  -7.74370-04  -1.54560-03 

-3.04440-02  -2.04840-02  2.01510-02 

3.42880-02  2.23430-02  1.00840-02 

2.15970-02  4.44850-02  -5.14810-02 

2.80220-02  3.75660-02  -3.15500-02 

7.47810-02  -7.14560-02  7.14020-02 

-1.34720-02  6.64780-03  -1.40310-02 

8.00150-03  5.50240-02  -4.95020-02 

-5.65260-02  -4.70460-03  2.46500-02 

1.23800-02  -1.68000-02  -1.92010-02 

-1.65260-02  -9.03340-03  4.30630-03 

-2.26930-02  -2.44670-02  -2.31360-02 


-3.64240-02  1.34120-01  -1.12850-01 

-6.81250-02  1.54170-01  -9.29650-03 

-6.17400-03  4.40480-02  1.84640-01 

-5.41340-02  -4.84810-02  -3.22020-02 

-2.13460-01  -1.37360-01  5.97460-02 

-8.01900-02  -6.18130-02  -1.32880-01 

-1.53560-01  9.18130-02  -3.1206003 

-1.35370-01  -1.60030-02  7.19010-02 

-1.34710-01  1.05290-01  -5.90180-02 

-1.51870-02  7.3432002  -7.57680-02 

1.45420-02  1.53190-01  1.84660-01 

-5.94570-02  -4.07470-03  -2.21060-03 

-1.04780-02  -1.5371002  1.12530-02 

5.24060-02  3.08730-02  -3.2326002 

9.93370-02  3.62020-02  -3.7092002 

1.2473002  1.99550-02  2.20650-02 

-7.72560-03  -6.75940-02  1.11250-01 

-8.08770-03  9.4793002  3.78640-02 

-1.70890-02  5.1373002  -3.8870002 

-1.5336002  3.99030-02  1.27550-03 

-1.39010-03  -7.3510004  4.51280-02 

-7.4170003  -3.1258003  2.20680-04 

-6.27730-03  -4.23490-03  3.72230-03 

4.95420-03  1.80410-03  3.28690-03 

2.64910-03  -1.07390-03  1.03000-03 

3.48700-03  -3.51300-04  -1.39990-03 

-9.45850-04  2.37210-03  1.62700-03 

-9.30830-05  -2.15900-03  -2.27790-03 

2.22570-03  4.39300-04  8.12290-04 

-1.04720-03  -6.73720-04  -5.53590-04 


A-11 


2.4361D-03 
-1.3786D-03 
-3.9985D-04 
7.3939D-05 
1.7702D-04 
7.2078D-05 
1.0255D-04 
2.4303D-04 
-1.9183I>-05 
-2.4392D-04 
1.1025D-04 
1.0400D-05 
-3.846ir)-05 
3.4887D-06 
1.1886D-0S 
-2.5203D-05 
1.5489D-05 
-3.9983D-05 
6.9593D-06 
-1.1988D-05 
7.6616D-06 
6.5394D-06 
-2.3677D-07 
3.5424D-05 
6.9535D-06 
6.0236D-06 
3.708  lD-06 
-1.1709D-05 
-2.0295D-06 
-6.8014D-06 
3.7661D-05 
9.0926D-06 
-5.7140D-06 
-1.1225D-05 
-6.2139D-06 
-1.1181D-05 
-2.3823D-06 
7.5902D-07 
-1.0423D-06 
-8.3072D-07 
-3.7916D-06 
-2.641  lD-07 
1.4341D-05 
-2.191  lD-07 
-8.9643D-08 
-3.2629D-07 
1.4446D-07 
2.2176D-06 
1.6321D-05 


-1.6161D-03 

-2.1651D-03 

-2.4910D-04 

1.5390D-04 

-8.7259D-05 

2.5829D-04 

1.0250D-04 

-9.7747D-05 

-2.0096D-04 

2.4058D-04 

1.3766D-04 

-7.8772D-05 

-7.5327D-06 

-1.1572D-05 

-2.1191D-05 

-2.1204D-05 

3.7594D-05 

-3.8632D-05 

-8.9399I>-06 

7.7375D-06 

1.0136D-05 

-4.5087D-06 

2.9394D-06 

3.2946D-05 

6.6991D-06 

6.9448D-06 

5.4969D-06 

1.1380D-05 

-2.5564D-06 

5.2632D-06 

2.9388D-05 

-8.5316D-06 

-3.5772D-06 

1.2541D-05 

9.6797D-06 

2.7821D-07 

-2.4118D-06 

-6.2779D-07 

5.1289D-07 

4.0094D-07 

1.7526D-06 

-3.0625D-07 

-1.4930D-05 

-1.3321D-06 

4.6565D-09 

-4.7685D-07 

9.1256D-07 

-1.5820D-06 

-1.6161D-05 


-1.8660D-03 

1.1032D-03 

2.6305D-04 

-2.1335D-04 

-3.0576D-04 

-1.4440D-05 

-1.1502D-04 

7.1578D-05 

1.7546D-04 

-5.3794D-04 

-1.9454D-04 

9.2468D-06 

8.8416D-05 

3.9752D-06 

2.0391D-04 

3.9090D-05 

-4.5558D-06 

4.8221D-05 

-2.6771D-06 

3.3310D-05 

-5.2885D-06 

-2.3374D-06 

-2.5288D-06 

-3.3216D-05 

5.7646D-06 

-4.4978D-06 

4.2067D-07 

5.6685D-05 

-7.4094D-06 

1.8114D-05 

3.0266D-05 

-4.3146D-05 

-8.3410D-06 

4.1434D-05 

5.8236D-06 

1.9906D-05 

-2.6101D-05 

2.1003D-05 

9.5641D-05 

3.5903D-05 

-1.1108D-05 

-5.6874D-07 

4.7635D-05 

-4.3662D-06 

3.1323D-06 

-3.8835D-06 

2.9713D-06 

2.8921D-07 

-1.8153D-05 


1.1429D-03 

1.7286D-03 

6.4466D-05 

-9.7958D-05 

1.1155D-04 

-3.0696D-04 

-1.30010-04 

-2.32330-04 

5.49610-05 

5.55100-04 

-7.66100-05 

6.76640-05 

-2.71080-05 

2.41940-05 

-1.95500-04 

1.79320-05 

-5.08760-05 

4.54390-05 

4.96720-06 

-2.88040-05 

-1.44470-05 

-3.19120-07 

-3.26850-06 

-2.39690-05 

-1.72160-05 

-3.45870-06 

-3.92160-06 

-5.59650-05 

-1.02250-06 

-1.97390-05 

3.05470-05 

4.40260-05 

-6.42740-06 

-4.06670-05 

-3.43770-06 

-2.69430-05 

2.20930-05 

-2.18110-05 

-9.58670-05 

-3.63870-05 

8.34950-06 

-2.52290-09 

-4.80570-05 

2.62870-06 

-2.92360-06 

3.26020-06 

-1.76730-06 

4.15760-07 

1.82210-05 


-5.04070-04 

-5.66990-04 

6.46890-04 

-6.17260-05 

2.00350-03 

7.46290-04 

2.39480-05 

-6.63870-05 

2.89550-04 

-5.68790-06 

-1.06600-04 

1.98620-04 

-2.20920-05 

1.60790-04 

-6.28240-05 

2.09150-05 

1.56380-04 

-4.41260-05 

6.00710-06 

1.27220-05 

-2.68060-06 

-3.50720-06 

-3.4746EM)6 

-1.69990-05 

-3.731904)5 

1.18780-05 

5.09070-06 

3.26980-07 

-3.57930-06 

-1.19080-05 

-6.28980-06 

5.15470-07 

-3.06320-06 

-2.73910-06 

2.64710-06 

-1.13330-05 

-7.85000-06 

1.69490-05 

1.15060-06 

1.80620-06 

1.15870-06 

-4.34160-07 

1.61450-06 

-3.00900-07 

1.10770-05 

-1.11350-05 

1.75330-06 

1.12490-05 

2.15310-06 


8.76490-06 

4.07540-04 

-7.19840-04 

-4.05670-04 

-5.87220-04 

1.98380-03 

1.02720-04 

2.12430-04 

1.01910-04 

9.13220-05 

3.34860-05 

1.43080-04 

2.82110-05 

-2.33600-04 

-1.07270-05 

8.44980-05 

-1.88720-04 

-4.35440-05 

-8.48300-06 

1.00550-05 

-3.78400-06 

2.22180-06 

1.88940-06 

-9.37010-06 

-3.9666005 

1.14710-05 

3.62030-06 

-4.42320-07 

5.27590-06 

1.1768005 

5.39750-06 

6.02510-06 

4.72510-07 

2.0176007 

-1.02750-05 

-4.83160-06 

3.56250-06 

1.36800-05 

-7.65980-07 

-1.64030-07 

-2.28140-07 

-1.52620-07 

-3.67340-06 

1.88480-06 

-1.1728005 

1.10460-05 

-2.9006006 

-1.0594005 

-1.97300-06 


A-12 


1.3033D-06  -1.6155D-06 

-2.0516D-06  2.3026D-06 

-1.2100D-04  1.2094D-04 

-4.8750D-06  5.3377D-06 

1.9117D-04  -1.9101D-04 

2.7271D-07  2.8169D-07 

-8.00220-05  8.0162D-05 

1.8033D-06  -8.6493D-07 

-2.2931D-05  1.1444D-05 

-3.6747D-05  -4.9328D-05 

3.4277D-05  -2.1799D-05 

2.7954D-06  -4.685  lD-06 

2.1543D-05  -2.0947D-05 

-1.27680-05  7.26930-06 

2.22210-05  2.06810-05 

-5.25920-06  -2.58200-06 

-4.83820-07  -2.16460^06 

3.87490-05  -3.70710-05 

-2.37890-06  3.00860-06 

-2.91800-06  2.91510-06 

-6.48500-07  5.61400-07 

-1.47300-06  1.23440-06 

-1.41040-06  5.96100-07 

-2.29840-06  1.35380-06 

-1.03790-06  -3.426404)7 

-6.97810-07  1.85100-07 

1.32210-05  1.65690-05 

1.34890-05  -6.68930-06 

1.87290-06  4.95370-07 

-1.93330-06  1.86130-06 

-1.28700-07  8.56350-08 

6.69890-07  3.91520-07 

2.68860-06  -2.59680-06 

-4.04770-07  1.64270-07 

-1.10840-06  1.02690-06 

2.67530-06  -1.59680-06 

-1.53070-04  1.47270-04 

-1.98410-05  -1.10970-05 

-3.02770-05  3.87440-05 

-2.61900-05  6.86290-06 

2.81640-06  -8.43040-06 

-5.80240-06  -2.06070-06 

-1.90990-05  1.02450-06 

-2.94130-05  -3.18610-05 

-7.10850-05  -7.35600-05 

-3.50630-05  -1.30140-05 

1.97330-05  2.09080-05 


-3.29210-06  3.21200-06 

-4.19610-07  4.74490-07 

6.14130-05  -6.14080-05 

2.99100-06  -2.14200-06 

-1.39000-04  1.38590-04 

-6.40660-07  -5.92100-07 

6.33110-05  -6.2965EM)5 

-4.30680-06  -7.97540-07 

4.80560-06  -2.15080-05 

-4.33790-05  -3.36460-05 

-1.87310-05  2.75100-05 

-3.91050-06  1.59430-06 

-2.34300-05  1.48900-05 

-1.02600-06  -2.07860-05 

2.25140-05  2.72320-05 

-5.94770-06  -1.16180-05 

-5.22580-06  -4.56460-06 

-9.27100-06  1.06410-05 

1.07130-06  -8.47090-07 

-2.04520-06  1.86680-06 

2.64740-07  -1.01810-07 

2.46210-07  -3.74540-07 

1.88940-07  -1.95160-07 

9.35210-07  -8.35440-07 

-1.9<81D-07  -2.24400-08 

-9.53770-07  -1.09100-06 

1.64530-05  1.38850-05 

-3.85410-06  1.13510-05 

2.37530-06  4.86100-06 

1.25660-06  -1.29820-06 

-7.87680-08  -2.95790-07 

8.77910-07  1.39000-06 

-1.59210-06  1.70780-06 

1.91070-07  -2.02550-07 

7.02940-07  -8.690804)7 

4.19010-06  4.99320-06 

6.15670-05  -6.47850-05 

1.12340-05  1.27570-05 

7.96690-06  -1.94710-05 

2.44030-05  -4.49480-06 

3.84450-06  5.29210-06 

2.60530-06  1.65420-05 

1.46290-06  2.43910-05 

4.70450-05  3.93290-05 

9.22280-05  1.03840-04 

4.37540-05  1.81010-05 

-3.78730-05  -4.38240-05 


-1.57%O-06  1.83650-06 

2.55790-06  -2.66920-06 

1.25510-05  -1.27640-05 

-2.75030-05  2.72530-05 

2.51950-05  -2.48430-05 

-1.62430-06  2.02450-06 

3.80300-05  -3.86000-05 

-1.97380-05  1.78520-05 

-1.57060-04  1.55420-04 

2.08310-05  -2.86930-05 

-6.20040-05  6.28300-05 

6.71310-05  -6.73130-05 

-8.38310-06  1.38510-05 

6.45060-05  -5.35330-05 

1.22110-05  -3.95400-05 

1.79250-05  1.60260-05 

-3.22710-05  -3.11280-05 

3.56290-06  -1.49830-06 

3.88830-06  -5.20930-06 

-3.17380-06  2.72600-06 

-9.35000-06  8.74130-06 

9.73800-06  -9.69010-06 

1.37440-05  -1.33650-05 

1.36170-05  -1.33460-05 

1.53750-05  -1.43080-05 

-5.128304)6  4.16590-06 

-2.69290-06  1.60220-06 

1.42270-05  -1.50470-05 

-5.0899006  -5.39360-06 

1.00500-06  -1.22790-06 

2.28730-06  -1.69210-06 

-1.95750-06  -2.74480-06 

1.80400-06  -1.80680-06 

-1.17940-06  1.22520-06 

1.68470-06  -1.65530-06 

7.67230-05  7.39770-05 

9.38170-06  -1.67210-05 

5.23%O-05  -3.57350-05 

-5.03440-05  6.94180-05 

3.58650-05  -1.11020-05 

-1.60150-05  1.76360-05 

-1.37770-04  1.31610-04 

-9.39540-06  -3.49620-05 

3.98780-05  7.00740-06 

-1.33190-05  3.56650-05 

7.26500-05  5.76540-05 

3.32270-05  4.17460-05 


A-13 


Q>luiniis  25  thro  30 


3.6863D-02 
4.4745D-02 
3.7945D-02 
-6.7065D-02 
-1.6302D-01 
-7.5288D-02 
1.7813rW)2 
1.7065D-01 
-6.0147D-02 
-7.1196D-02 
-1.7481D-01 
3.0722D-02 
3.3484D-02 
-9.0421D-02 
-1.3089D-01 
1.4754D-02 
-1.3885D-02 
4.8522D-03 
1.7170D-02 
1.4550D-02 
2.7598D-03 
-4.1071D-03 
-5.5948D-03 
2.4686D-03 
-3.9069D-03 
-3.1669D-03 
3.041  lD-03 
-1.6912D-03 
-2.5976D-03 
8.7247D-05 
4.7870D-04 
6.5714D-04 
-2.0731D-04 
7.0342D-05 
-1.5451D-03 
-5.0625D-04 
-7.1004D-05 
-2.891  lD-05 
-2.0007D-04 
3.5479D-07 
8.0180D-05 
-1.0956D-04 
-1.2777D-05 
2.5634D-04 
3.7561D-05 
-6.3051D-05 
4.7280D-04 


-2.8560D-02 
1.8802D-02 
6.3370D-02 
-4.1779D-02 
7.6542D-02 
-1.8626D-01 
1.3151D-01 
-6.4261D4)2 
5.1590D-02 
-2.5080D-02 
-1.8529D-01 
-9.3877D-03 
-8.7194D-03 
1.0523D-01 
1.4111D-01 
1.4765D-02 
1.4483D-02 
-2.8970D-03 
-1.2113D-02 
3.3377D-03 
1.6632D-02 
8.0075D-05 
5.271 1EM)3 
5.4013D-03 
3.7149D-03 
-3.9870D-04 
3.5713D-03 
-1.7848D-03 
2.3913D-05 
2.8888D-03 
2.6209D-04 
-3.1156D-04 
5.5939D-04 
1.3260D-04 
4.3242D-04 
-1.4938D-03 
-1.0198I>-04 
-1.0400D-04 
-2.0007D-04 
-7.5576D-05 
-4.9527D-06 
-2.5293D-04 
-2.0660D-05 
-1.9324D-04 
5.7714D-05 
-4.9971D-05 
-4.4853D-04 


1.1494D-01 

-1.4679D-02 

-1.8582D-01 

-l.7409D4)2 

6.5745D-02 

-1.2694D-01 

1.7976D-02 

6.6966D-02 

-4.8343D-02 

-1.7721D-01 

1.0636D-01 

-3.8726D-03 

2.2345D-02 

2.4719D-02 

3.4462D-02 

2.2383D-02 

-4.7250D-02 

-1.0425D-01 

4.0136D-02 

-1.2855D-02 

-4.2753D-02 

-1.1205D-03 

3.7216D-03 

3.7608D-03 

-3.3002D-04 

-2.2196D-03 

-1.7008D-03 

-1.7915D-03 

4.0093D-04 

1.1205D-03 

-1.7107D-04 

5.9646D-04 

-1.9908D-03 

1.2176D-03 

5.2413D-04 

3.4563D-04 

1.0189D-04 

-1.6403D-04 

-1.4498D-04 

-6.8034D-05 

-1.4106D-04 

-1.4338D-04 

-2.1532D-04 

5.3726D-05 

2.8695D-05 

8.7889D-05 

-1.0656D-05 


-1.4926D-01 

1.3981D-01 

-5M97D-02 

1.4650D-01 

.2.3209D-02 

-4.7061D-02 

-9.6160D-02 

-4.3699D-02 

1.2083D-01 

-1.4980D-01 

-1.5932D-02 

7.5139D-03 

-2.1080D-02 

-2.1321D-02 

-3.0780D-02 

1.9359D-02 

-8.5107D-02 

7.5478D-02 

-6.0410D-02 

3.2452D-02 

-1.3703D-02 

4.4574D-03 

-3.2603EM)3 

1.7956D-03 

9.1706D-04 

-9.4813D-04 

-2.7073D-03 

-1.2751D-03 

2.2700D-04 

9.7893D-04 

7.8397D-04 

-3.9510D-04 

1.1346D-03 

1.8205D-03 

-5.3030EM)4 

5.8523D-04 

2.4415D-05 

-1.9693D-04 

1.8083D-04 

3.8417D-06 

-1.0972D-04 

^.7442D-05 

2.7093EM)4 

1.4800D-05 

4.8359D-05 

-1.2901D-04 

-2.8257D-05 


2.7847D-02 
1.6377D-02 
-6.5745D-02 
-2.5375D-02 
9.2813D-02 
-2.0002D-01 
-1.2429D-01 
-6.5664D-02 
2.1049D-02 
1.8962D-01 
-1.6373D-02 
1.6857D-02 
-4.227  lD-02 
-8.8529D-02 
-1.2945D-01 
1.4065D-02 
1.01S6D-03 
-1.3579D-02 
1.1878D-02 
-2.0966D-03 
-1.6680D-02 
-1.3503D-03 
5.8260D-03 
6.6323D-03 
-2.6071D-03 
-2.545  lD-03 
-3.0691I>-03 
-6.5087D-04 
1.1424D-03 
-2.4038D-03 
-1.4125D-04 
-5.3756D-04 
1.5081D-03 
-8.4599D-04 
-4.7268D-04 
-3.7799D-04 
-1.0278D-04 
1.5538D-04 
-2.3223D-05 
3.2700D-05 
2.2677D-05 
1.0759D-04 
-3.9294D-04 
-9.2750D-05 
-6.3846D-07 
3.9695D-04 
5.0044D-05 


-4.1339D-02 

3.8998D-02 

-4.3205D-02 

1.8772D-01 

-1.7934D-02 

-5.5545D-02 

-1.4046D-02 

1.9623D-01 

-9.3488D-02 

1.5807D-01 

2.4394D-03 

-3.7937D-02 

5.0390D-02 

6.6023D-02 

1.1428D-01 

1.4098D-02 

-2.7077D-03 

1.3288D-02 

-2.0064D-02 

1.0S86D-02 

-7.8489D-03 

6.0410D-03 

-4.7012D-03 

2.1503D-03 

4.8170D-03 

-3.3197D-03 

-2.4818D-03 

-1.0200D-03 

-2.1503D-03 

-1.1498D-03 

-7.0498D-04 

4.5219D-04 

-6.9906D-04 

-1.3525D-03 

5.2907D-04 

-5.0202D-04 

-7.1276D-05 

2.1927D-04 

-6.0118D-06 

9.4854D-06 

2.4538D-04 

1.2109D-04 

3.4927D-04 

1.6375D-06 

-9.3197D-05 

-3.5629D-04 

-4.2654D-06 


A-14 


6.8169D-05 
6.289SD-06 
-4.2620D-05 
-5.8900D-05 
3.778  lD-06 
1.1616D-05 
2.5514D-05 
4.2027D-05 
-1.3545D-05 
-6.4806D-06 
9.9323D-07 
3.2479D-06 
1.0192D-05 
4.3693D-06 
5.1380D-06 
8.928SD-06 
4.1242D-06 
-1.6294D-05 
-3.7283D-06 
1.5902D-05 
1.3610D-05 
4.6197D-06 
-2.0047D-05 
4.5434D-05 
-1.0506D-06 
1.2366D-05 
-3.3710D-06 
3.7123D-05 
-3.6352D-05 
7.8687D-06 
3.4876D-05 
8.6791D-06 
-2.1122D-06 
1.5665D-05 
2.0477D-06 
2.2453D-06 
-1.3009D-05 
-9.6534D-08 
-2.0267D-05 
1.3864D-05 
1.1767D-04 
-1.9151D-05 
5.1468D-05 
-5.2484D-05 
1.6983D-05 
-4.6877D-05 
-2.7341D-05 
9.7304D-06 
-3.2285D-05 


6.1987D-05 
-2.5002D-06 
9.4368D-06 
6.9824CM)5 
-9.9282D-06 
-2.0669D-06 
3.7360D-06 
4.1706D-05 
-1.0945D-05 
-5.66080-06 
1.681 10-06 
-3.39790-06 
-1.09140-05 
-7.38920-06 
-5.79860-06 
-6.58190-06 
-1.02350-05 
5.4S85O-06 
-1.09840-05 
-1.97330-05 
1.12570-05 
-4.33580-06 
2.16380-05 
-4.43480-05 
5.59130-07 
-1.44480-05 
5.07150-06 
-3.72190-05 
3.64260-05 
-8.77550-06 
-3.41460-05 
-8.74540-06 
2.13290-06 
-1.56510-05 
-2.31410-06 
-2.56760-06 
1.19350-05 
-1.48070-06 
2.14150-05 
-9.93750-06 
-1.17820-04 
1.74520-05 
-4.60510-05 
5.40620-05 
-6.47770-07 
5.09020-05 
1.80730-05 
1.16820-05 
-3.41540-05 


-4.19270-05 

6.10930-06 

-3.62440-06 

-1.12560-05 

-1.76380-06 

3.71240-06 

-2.38950-05 

3.06410-05 

8.41410-06 

2.12000-06 

-1.05920-06 

1.02000-05 

-7.12380-06 

4.76430-06 

-7.23040-06 

3.85480-07 

3.48060-06 

2.12110-05 

-4.95380-06 

1.35450-05 

1.99550-06 

-2.60630-07 

-1.88790-06 

-4.42910-07 

-1.43520-08 

6.14950-06 

1.73560-05 

2.10960-06 

-3.07840-06 

-1.63230-06 

3.33560-06 

2.27630-06 

-4.17320-07 

-8.37720-08 

1.19390-05 

4.08350-05 

3.26030-05 

3.47940-06 

4.68990-05 

1.88890-04 

-3.65660-05 

-5.94570-06 

-2.02450-05 

-3.80250-05 

-2.72880-05 

-1.26050-05 

-3.73420-05 

-5.10240-05 

-5.20590-06 


-4.07220-05 

-7.66630-06 

-1.00580-05 

-5.01870-06 

3.46810-07 

-5.130704)6 

-2.7955005 

2.65120-05 

9.03820-06 

5.80730-06 

-1.98340-07 

-8.16990-06 

8.24220-06 

-7.02730-06 

-2.30110-06 

-3.37670-06 

7.67220-06 

7.83300-06 

-1.74930-05 

5.504604)6 

1.75960-06 

-2.93760-07 

1.44900-06 

2.21110-06 

-5.96040-07 

-4.03510-06 

-1.75860-05 

-2.782604)6 

2.96430-06 

1.29750-06 

-4.867904)6 

-2.51740-06 

3.33980-07 

-1.92350-07 

-1.16800-05 

-4.09860-05 

-3.28430-05 

-3.04140-06 

-4.62300-05 

-1.88640-04 

3.27850-05 

-4.45800-06 

2.10960-05 

3.84480-05 

3.34470-05 

3.72320-05 

-1.49910-05 

-4.95150-05 

-5.55330-06 


5.475004)5 

3.16570-06 

-2.87540-05 

5.37940-05 

4.48900-06 

-4.94470-06 

2.07950-05 

-3.824604)5 

-7.866204)6 

-2.25930-06 

-1.17520-06 

-1.81100-05 

1.55300-05 

-8.840104)6 

6.436804)6 

-1.125604)5 

1.89520-05 

6.023904)7 

-2.92540-05 

-1.36770-06 

-1.15150-05 

8.29120-06 

-5.27180-05 

-4.044004)5 

9.97050-07 

2.17210-05 

5.71940-05 

4.561104)6 

-6.26340-06 

-6.238704)6 

9.061404)6 

3.729204)6 

1.563904)5 

-2.734404)6 

3.117704n 

-9.85980-06 

-1.81290-05 

-2.516704)6 

-3.09580-05 

-1.443604)4 

3.14900-05 

-3.35460-06 

1.68660-05 

3.13490-05 

2.47310-05 

3.54040-05 

-6.58490-06 

-5.08420-05 

-7.72800-06 


6.258004)5 

-1.32920-06 

4.814404)5 

-3.15220-05 

5.207904)6 

8.796604)6 

3.307004)5 

-2.017504)5 

-8.64540-06 

-7.72410-06 

-1.08450-06 

1.789104)5 

-1.290104)5 

4.330504)6 

-9.394004)6 

1.360304)5 

-5.78390-06 

2.722004)5 

1.137304)5 

1.66920-05 

1.35740-05 

-8.780404)6 

5.19740-05 

4.22510-05 

-1.540104)6 

-1.93550-05 

-5.724904)5 

-5.009604)6 

6.56120-06 

5.971004)6 

-1.054204)5 

-3.716304)6 

-1.561004)5 

2.665604)6 

-2.86410-08 

9.491704)6 

1.942504)5 

1.025904)6 

2.945904)5 

1.442304)4 

-2.62250-05 

-3.45080-06 

-1.87930-05 

-3.13880-05 

-2.953804)5 

-7.553004)6 

-2.59030-05 

-5.334504)5 

-9.40790-06 


A-15 


-1.2992D-06  1.9874CM)6  3.3968D-06 
-1.6293D-06  1.8844D^  2.7593D-05 
8.9888I>-07  -9.S813D^  3.3089D-06 

3.1647D-06  -4.1618IM)6  1.7161D-06 

•3.6586D-06  3.9S80D>06  1.944SD-06 

-8.13061M)6  8.0606£M)6  -1.9608D<06 

-4.7343D-06  5.3290LM)6  -1.0316D-06 

-6.0819D-06  5.3161D-06  -6.6729D-06 

8.5601D-07  -3.0633D-06  -1.6544[M)6 

1.9041D-06  -1.48S8D>06  -3.3162D-06 

-1.1659D-05  1.1545EMW  1.1318D-05 

-2.3661D-06  -2.4742D^  4.6670D-05 

-1.0569D-06  7.2436D-07  1.2023D-06 

-1.4160D-06  1.8344D-06  -2.5413D-06 

-1.9038D-06  -1.2765D>06  5.5732D-06 

-1.4478D-06  1.4738D^  1.8768D-06 

9.3407D-07  -1.0645D^  1.5932D-06 

-1.4801D-06  1.2251D-06  3.6968D-07 

7.4492D-05  7.6803D-05  4.5619D-06 

-3.7323D-06  1.6021D-05  1.6971D-05 

-3.7426D-05  2.2800D-05  -1.0920D-04 

2.5823D-05  -4.8882D-05  -7.5226D-05 

-2.9983D-05  -2.8784D-06  8.5554D-05 

1.0806D-05  -1.5351D-05  3.2659D-05 

9.2076D-05  -9.4364IM)5  1.0281D-05 

2.7755D-05  3.2615D4)5  4.0665D-05 

•3.6653D-05  -2.67970^5  -3.4040D-06 

5.2178D-06  -3.5733D-05  6.1349D-05 

-8.5339D-05  -7.5304IW)5  -3.7426D4)5 

-5.2262D-05  -6.1200D-05  3.2879D-05 

Columns  31  thni  36 

-1.2746D-02  -6.9874EM)4  7.4938D-03 

-6.4015EM)3  -9.3027D-02  -8.7218D-02 

-1.0635D-01  -5.0943D-02  5.9108D-02 

-3.0454D-02  -2.8465D-02  -1.7293D-02 

-1.4715D-02  3.8679D^  4.5126D-02 

2.7311D-02  6.8763EM)3  4.6408D-03 

2.4743D-02  4.9012D-02  -4.9898D-02 

3.8253D-02  -3.4432D-03  -1.5257D-03 

-2.2310I>-02  -3.6259D-03  -1.1752D-02 

-7.6896D-03  -3.6426rM)3  1.1629D-02 

-1.2050D-02  -1.4658D^  2.5544D-03 

-5.7948D-03  -1.5369D-01  1.2215D-01 

-1.9670D-01  5.4645D-02  1.4452D-01 

1.4778D-01  -1.8745D-01  1.5888D-01 

-8.3387D-02  7.5656D-02  -8.0098D-02 

1.4909D-01  1.4771D-01  1.4775D-01 


-5.2403D-06  .1.5405D-06  2.4144D-06 

-2.6334D-05  -9.9691EM)6  1.0722D-05 

-3.0277D-06  -1.8682IW)6  1.8824D-06 

-1.8134D-<)6  1.8792D-07  -1.1384D-06 

-1.4601D-06  1.7216D-06  -1.3574D-06 

2.2885D-06  3.9359D-07  -7.9224D-07 

1.8990D-06  3.3948D-07  -8.5404D-07 

6.6176D-06  2.3104D-06  -2.7413D-06 

6.8435D-07  -7.2868D-07  -1.3921D-06 

1.8691D-06  2.1488D-06  -2.1179D-06 

-1.2727D-05  •9.9523D-06  9.6392D-06 

4.4369D-05  4.4932D-05  4.6913D-05 

-1.2105D-06  -9.3775D-07  1.0166D-06 

5.1050D-07  2.3174D-07  -2.2305D-06 

5.2565D-06  5.6654D-06  5.9554D-06 

-1.5356EM)6  -1.1582EM)6  1.5034D-06 

-1.3157D-06  -1.1288D-06  1.2520D-06 

-1.5100D-06  -1.2595EM)6  2.5849D-07 

3.6452D-06  6.6012D-06  9.2662I>-06 

-3.8030D-06  -1.2409D-05  5.3285D-06 

1.1905D-04  5.9711D-05  -7.7145D-05 

4.4356D-05  4.9484D4)5  -1.7508D-05 

-8.8306D-05  .5.04%D-05  6.1459D-05 

-2.7819D-05  -2.0920D-05  1.7102D-05 

1.2852D-06  -1.5960D-05  -1.18730-06 

2.10%D-05  -4.5283D-05  -3.99%D-05 

1.8829D-05  -1.4313D-05  -7.1303D-06 

3.1366D-05  -6.96150-05  -4.54980-05 

-6.52720-05  5.46800-05  8.02660-05 

2.82620-05  -5.10230-05  -4.93760-05 


1.28770-02  3.25350-04  -7.12050-03 

5.46890-03  9.41570-02  8.88540-02 

1.06420-01  4.89360-02  -5.64160-02 

2.49320-02  2.78900-02  -1.53910-02 

1.77320-02  -5.19380-03  -3.04770-02 

2.74640-02  3.17350-02  2.90990-02 

-2.67820-02  1.56500-02  -1.61550-02 

3.65130-02  -4.64090-02  -4.81910-02 

-2.55400-02  1.50930-02  1.44360-02 

3.41210-03  9.31490-03  1.20090-02 

4.54900-05  -5.40240-03  -1.68140-03 

7.15740-02  -2.21430-01  1.87270-01 

-2.14580-01  7.98580-02  1.30960-01 

-9.04110-02  5.06660-02  -7.97500-02 

9.19610-02  -9.97450-02  9.51590-02 

1.49210-01  1.50370-01  1.50330-01 


A-16 


1.3923D-01 

1.1354D-01 

-5.5103D-03 

-3.7145D-03 

-1.5481D-02 

1.S686D-03 

-8.1218D-04 

-3.0793D-04 

4.7384D-04 

-6.6795D-04 

1.4933D-03 

-2.4748D-05 

9.4000D-04 

-7.2943D-04 

2.16830-04 

-3.4557D-04 

-3.48110-04 

-2.29520-04 

-1.71610-04 

-2.37470-04 

3.51700-04 

-1.91660-04 

3.95590-04 

1.43450-04 

-2.28570-04 

-1.99830-04 

1.84140-04 

-4.68380-05 

2.50740-04 

2.10360-04 

7.59540-05 

4.65350-05 

1.52970-04 

1.03740-04 

1.07300-04 

3.60590-05 

1.45330-04 

-1.95300-05 

1.02480-05 

3.26170-05 

2.43390-05 

8.10810-05 

-1.15140-05 

-1.40740-04 

4.89800-05 

8.26240-05 

2.42440-04 

1.88200-04 

-7.19830-05 


-4.70400-02 

1.74510-01 

-4.56380-04 

-1.56760-02 

-5.47460-03 

1.71500-03 

-4.29150-04 

-2.66450-04 

1.67530-04 

-7.64510-04 

1.53640-03 

1.23030-05 

7.47240-04 

-9.82060-04 

-1.58590-04 

7.12340-05 

1.21440-04 

5.25770-04 

-5.87990-05 

-2.02690-04 

4.44150-04 

2.81420-04 

1.74460-04 

-2.34120-05 

2.84680-04 

-9.59920-06 

-2.51810-04 

4.21100-05 

-2.95630-04 

-1.51180-04 

-6.51030-05 

8.54560-05 

-1.63520-04 

2.14770-05 

-1.49360-04 

-1.44820-04 

-2.90180-05 

2.43860-05 

-1.41470-05 

3.38260-05 

-2.14140-05 

3.78870-05 

1.04210-04 

1.00780-04 

-3.93970-05 

-8.77440-05 

-2.35710-04 

-2.03510-04 

7.18980-05 


-1.68400-01 

6.53540-02 

3.61890-03 

-1.20530-02 

1.08900-02 

-1.53260-03 

-8.78180-04 

-4.13560-05 

-2.51320-06 

-1.21240-03 

-1.15490-03 

5.17690-04 

1.82540-04 

1.21730-03 

1.35330-04 

1.03080-04 

3.08020-04 

-3.20700-04 

2.81200-04 

2.57130-04 

4.54900-04 

-2.60480-04 

-1.86460-04 

-5.58780-05 

2.89870-04 

-1.73860-04 

4.48810-05 

-1.86030-04 

2.93610-04 

5.01140-05 

1.40320-04 

7.22900-05 

1.66820-04 

2.95770-05 

-1.40320-04 

1.15630-04 

-1.01250-04 

1.44960-05 

2.16170-05 

3.21780-05 

-3.05550-05 

-4.45410-05 

1.34290-04 

-3.14770-05 

-3.94730-05 

1.11770-04 

-2.37590-04 

1.94350-04 

-6.17270-05 


-1.27510-01 

-1.26340-01 

5.58080-03 

3.33510-03 

1.55370-02 

-1.30050-03 

-1.15650-03 

-3.10460-05 

-3.89640-04 

-1.21150-03 

-1.12120-03 

4.52850-04 

4.62320-04 

1.06540-03 

-5.33260-05 

-4.09500-04 

-2.70250-04 

-2.87660-04 

-2.77890-04 

-1.64280-04 

3.50880-04 

-3.04080-04 

3.07090-04 

-1.14850-04 

-1.36420-04 

3.10530-04 

-7.711804)5 

1.69190-04 

-2.30480-04 

-4.68160-05 

-2.11970-04 

5.52940-05 

-1.50670-04 

-1.37370-04 

6.58320-05 

4.10690-05 

1.43330-04 

-2.10720-05 

-1.45300-05 

3.36180-05 

3.09480-05 

-7.77060-05 

-7.43200-05 

1.07840-04 

5.16620-05 

-1.05870-04 

2.49300-04 

-1.77390-04 

6.18110-05 


2.67440-02 

-1.76490-01 

2.08350-04 

1.57720-02 

4.96500-03 

-7.81240-05 

1.43050-03 

1.11260-03 

2.46880-04 

1.49280-03 

-2.47210-06 

6.54890-04 

-1.11570-C«3 

-4.37740-04 

-2.22030-04 

3.01390-04 

-4.97620-05 

4.68180-04 

1.32810-04 

-2.42480-04 

4.84370-04 

2.43840-04 

9.56500-06 

1.01730-04 

2.36450-05 

2.77800-04 

2.06390-04 

-2.63990-04 

6.25260-05 

2.07710-04 

1.83340-04 

5.04060-05 

1.71500-04 

-1.24690-04 

3.42100-05 

-1.51060-04 

-4.20450-05 

1.09600-05 

-2.09210-05 

3.44660-05 

2.27860-05 

-1.08310-04 

-7.0834EM)5 

-4.54610-05 

-6.88640-06 

-3.02470-04 

-3.26240-05 

6.31540-05 

-1.25330-04 


1.72700-01 

-4.55310-02 

-3.40700-03 

1.24460- 02 
-1.03580-02 
-2.76160-04 

1.40920-03 

1.12430-03 

-2.34760-04 

1.45150-03 

-7.09110-05 

7.16950-04 

-1.21650-03 

-1.49430-04 

8.09740-05 

3.20880-04 

2.92570-04 

-2.57920-04 

2.65730-05 

3.76420-04 

5.07140-04 

-7.20950-05 

-2.37240-04 

-6.02300-05 

-2.23210-04 

-1.90650-04 

-1.49380-04 

2.20180-04 

-7.88110-05 

-2.78190-04 

-1.12810-04 

8.11440-05 

-1.68350-04 

1.01860-04 

9.03970-05 

1.02810-04 

-1.16810-04 

4.81120-06 

3.05990-05 

3.07110-05 

2.68390-05 

1.07140-04 

-7.58440-05 

4.12860-06 

-1.04940-05 

3.00830-04 

1.24460- 05 
-6.31020-05 

1.32240-04 


-2.6429D-05 

2.8955D-05 

-1.2704D-05 

-3.6994D-06 

-4.2149D-07 

-5.6895D-05 

3.4525D-05 

-8.6214D-06 

1.7543D-06 

6.1555D-05 

8.2082D-OS 

-6.8710D-05 

7.8968D-05 

-7.2521D-06 

-8.4130D-06 

-4.7276D-06 

-4.5623D-05 

2.8960D-05 

-4.1462D-05 

1.5586D-05 

2.9336D-05 

-1.2293D-05 

5.8155D-05 

-1.6778D-05 

.6.5336D-05 

1.5539D-04 

-9.8021D-07 

-7.2433D-06 

-1.5825D-06 

-5.2258D-06 

-4.0574D-06 

4.2830D-06 

-8.7192D-07 

-3.3814D-08 

-7.3415D-07 

1.0137D-06 

-1.5674D-06 

7.6175D-07 

1.1632D-06 

-2.2840D<06 

7.9420D-06 

-3.6752D-05 

1.2594D-06 

9.4542D-08 

4.3746D-07 

3.1040D-07 

7.8017D-08 

-4.0232D-06 

2.0368D-06 


3.1041D-06 
-1.3591D-05 
-7.4805D-06 
-2.5537D-05 
-2.8785EM)5 
5.n08D-05 
3.3882D-05 
4.4045D-06 
5.0352D-06 
3.6309D-05 
1.0701D-04 
-7.2690D-05 
5.2697D-05 
-1.6062D-05 
-3.42640-06 
3.4547D-06 
-4.2355D-06 
-6.5658D-05 
1.7 1430-05 
1.10130-05 
-1.53750-05 
2.84730-05 
-5.96240-05 
2.40480-05 
1.03680-04 
-1.28590-04 
-2.41690-05 
3.42710-07 
1.21950-05 
-5.27660-06 
-2.30800-06 
3.08660-07 
-5.34260-08 
4.03050-07 
6.71040-07 
-5.5695007 
1.43530-06 
-1.06930-06 
-1.24870-06 
1.23320-07 
-6.89500-06 
3.89680-05 
3.82860-06 
9.71250-07 
-1.33120-06 
9.73760-07 
5.08870-07 
3.32310-06 
-3.01230-06 


9.67790-06 

-4.56490-06 

-1.60210-06 

2.37160-05 

5.59360-05 

2.71990-05 

3.35600-05 

8.08620-06 

3.59110-05 

1.03480-04 

2.86060-05 

-5.92860-06 

-9.02830-05 

1.37500-05 

-4.38260-06 

2.77020-06 

1.26920-05 

-6.41000-05 

-9.95520-06 

9.61980-06 

3.34220-05 

-9.02060-06 

2.75800-05 

-1.33610-05 

-8.81860-05 

-1.50800-04 

2.77290-05 

-2.50690-05 

6.67020-06 

-9.22210-06 

-3.54570-06 

-6.72940-07 

-3.20510-06 

-1.30030-06 

1.19340-06 

1.80360-06 

-1.87470-07 

1.72510-07 

-5.31040-07 

-2.39540-06 

9.00060-06 

-4.03940-05 

2.22110-06 

-1.24690-06 

-1.73510-06 

8.37020-07 

-4.88350-07 

4.38640-06 

1.20650-06 


-3.95900-06 

-1.85570-05 

2.07680-05 

5.55700-06 

-3.41860-05 

-4.61770-05 

3.39360-05 

7.74160-06 

-1.69960-05 

9.71160-05 

3.81190-05 

-1.06850-06 

-1.03830-04 

6.01330-06 

5.44890-06 

6.79170-06 

4.18660-05 

3.34270-05 

3.61610-05 

1.69220-05 

-4.73080-05 

1.47040-05 

-1.770504)6 

6.09230-06 

5.18650-05 

1.68880-04 

-1.67080-05 

7.16730-07 

2.86670-06 

1.39610-07 

-2.94910-06 

-2.98320-06 

3.66140-06 

5.67630-07 

-1.43850-06 

-1.83210-06 

4.78940-07 

1.11380-07 

-2.42480-07 

3.87020-07 

-7.36480-06 

3.95210-05 

1.98310-06 

1.18160-07 

6.53120-07 

4.40960-07 

-1.66850-08 

-4.70560-06 

-3.05700-07 


-2.76480-05 

3.27380-05 

4.07380-06 

-6.48180-05 

-2.01230-05 

1.81780-05 

3.18320-05 

3.56860-05 

-3.87880-06 

3.30500-05 

6.44130-05 

1.19950-04 

3.60830-05 

1.02020-05 

3.06140-06 

-6.22680-06 

4.28360-05 

3.66430-05 

3.49680-05 

1.29190-05 

2.26940-05 

-4.85900-05 

1.82050-07 

2.52580-05 

1.69580-04 

-1.18730-05 

-2.24000-05 

1.36750-05 

1.05020-05 

-5.69330-07 

-5.07450-06 

-1.3913EM)5 

9.45680-07 

-2.88370-06 

-3.91490-07 

4.52890-08 

-4.11870-07 

1.30340-06 

-6.50330-07 

-2.04530-06 

9.40620-06 

-4.31040-05 

-6.60520-07 

-7.91760-07 

3.61930-07 

1.06850-07 

2.05010-07 

-4.52400-07 

-4.76020-06 


3.10310-05 

-1.75590-05 

1.78020-05 

6.44540-05 

3.23070-05 

9.78410-06 

3.22100-05 

-4.34010-05 

1.67760-06 

2.91460-05 

6.93580-05 

1.17580-04 

3.24470-05 

-5.82930-06 

7.96830-06 

-2.56810-06 

-4.75770-05 

2.71270-05 

-3.72020-05 

1.43630-05 

-2.32270-05 

2.75130-05 

-2.02130-05 

-1.21400-05 

-1.73060-04 

-2.76780-05 

2.72390-05 

-3.95990-07 

1.14840-05 

-8.45440-06 

-1.89330-06 

1.45500-05 

2.18170-07 

3.06080-06 

-7.31820-07 

-1.30800-07 

-1.44590-07 

-1.12130-06 

3.04830-07 

-1.30870-07 

-8.28360-06 

4.49380-05 

4.90030-06 

7.98310-07 

1.06950-06 

1.56570-06 

-6.99680-08 

1.29130-06 

4.56740-06 


A-18 


3.6752D-06 

-9.3298D-05 

-9.5435D-05 

1.2853D-04 

-5.5791I>-05 

1.6455D-04 

-9.4683D-05 

1.0127D-04 

1.2867D-04 

-9.0725D-06 

-5.6178D-05 

5.1510D-05 

G,  = 

Columns 

-1.8280D-02 
-3.3036D-04 
1.8050D-03 
1.5137D-03 
8.4810D-04 
1.3335D-04 
8.4899D-04 
-5.7104D-05 
1.1360D-04 
-3.2285D-04 
-2.6272D-04 
-1.3169D-04 
-6.6143D-05 
-2.2202D-04 
-2.1563D-04 
-3.5058D-08 
5.585  lD-03 
5.0345D-03 
5.2296D-02 
5.2799D-03 
4.8303D-03 
-2.2675D-02 
-4.7464D-03 
-2.2464D-04 
3.7347D-02 
1.5943D-03 
-1.9238D-02 
2.5891D-03 
1.5934D-03 
1.0402D-03 
-3.2706D-02 


3.7165D-06 
3.7964D-05 
1.5508D-04 
-8.243 1EM)5 
7.5365D-05 
-1.6572D-04 
9.4212D-05 
-1.3172D-04 
-9.1681D-05 
-3.0117D-05 
-4.7793D-05 
4.5388D-05 


1  thru  6 

-1.5537D-02 

4.3229D-04 

9.3150D-04 

6.1015D-04 

-7.5246D-04 

6.3630D-04 

2.4283D-05 

9.6007D-04 

-2.2933D-04 

-5.3640D-05 

-1.2639D-04 

1,32350-04 

-2.10020-04 

-1.92040-04 

-2.59240-04 

-5.60820-05 

-5.00890-03 

5.57090-03 

4.10930-02 

1.73930-02 

-1.28000-02 

-6.720504)3 

9.13320-03 

7.23230-03 

3.18940-02 

2.61610-02 

-1.32270-03 

3.49700-03 

2.57850-03 

4.54750-03 

-1.26980-02 


2.41020-06 

-3.77860-05 

1.38900-04 

-6.13120-06 

8.08750-05 

2.13560-04 

-5.76920-05 

6.88060-05 

-1.38000-04 

-5.12740-05 

2.36690-05 

4.88850-05 


-1.12240-03 

1.33780-03 

-3.69010-03 

-4.47600-04 

-1.16190-04 

6,31790-04 

-2.88360-05 

-1.58450-05 

9.42180-05 

-1.45570-04 

6.15440-05 

9.94660-05 

-2.23810-05 

2.17220-05 

-1.07900-05 

-2.42120-03 

-1.30240-03 

-4.87920-04 

3.82890-03 

-3.21740-03 

1.75100-02 

3.08550-03 

-1.20440-03 

1.49540-02 

5.43410-03 

-1.06010-02 

3.61040-03 

2.16270-02 

-3.29930-03 

-2.07240-02 

-6.04700-03 


3.85880-06 

9.18910-05 

-9.98620-05 

-6.20900-05 

-7.95570-05 

-2.11360-04 

3.78100-05 

-2.192704)5 

1.54770-04 

-3.22580-05 

4.30340-05 

5.85910-05 


1.43890-03 

-5.31140-03 

2.96050-04 

-4.14440-04 

9.31730-04 

2.70810-05 

2.75100-04 

-4.59290-04 

1.41930-04 

-1.46420-04 

3.29320-07 

1.41020-04 

1.00400-04 

-2.63750-04 

-4.29340-04 

-2.10200-03 

2.28810-03 

-2.78230-03 

-2.29490-03 

1.81950-02 

-3.08330-03 

-3.75160-04 

-6.65100-03 

5.67890-03 

1.11290-03 

-3.24490-03 

1.13130-03 

1.10310-02 

1.27670-02 

4.40890-03 

2.89250-03 


2.42210-06 

6.18270-05 

-6.50720-05 

-1.27890-04 

-1.06660-04 

2.01960-04 

-1.86580-05 

-1.50790-04 

1.28820-05 

4.37740-05 

2.35230-05 

6.31710-05 


-5.03110-04 

-5.25840-03 

1.95510-04 

-5.13970-04 

6.82910-04 

-2.74860-05 

-2.74790-04 

-4.58510-04 

-7.16890-06 

8.49660-05 

1.89930- 04 
-1.796704)4 
1.22300-04 
2.50340-04 
4.34630-04 
-2.06870-03 
2.31720-03 
-2.32540-03 
-3.73160-04 

1.78530-02 

-4.25900-03 

2.04410-03 

-2.16590-03 

2.45210-03 

-1.12980-03 

-1.17340-03 

3.50360-03 

5.89930- 03 
7.21880-03 
7.15550-05 
2.33090-03 


4.83430-06 

-6.08240-05 

-2.93700-05 

1.48000-04 

8.95740-05 

-2.01810-04 

3.93790-05 

1.35650-04 

-6.74930-05 

5.00300-05 

-1.12140-05 

5.97330-05 


1.83130-03 

3.09460-03 

4.20350-03 

6.73840-04 

1.36520-04 

6.11660-04 

2.65050-04 

3.91690-04 

4.13440-05 

-4.48820-05 

-7.40530-05 

8.14870-06 

-9.01570-05 

-3.18200-04 

-4.63060-04 

-2.13080-03 

1.24340-03 

3.32250-03 

-3.46660-03 

-1.21170-02 

-1.34290-02 

-2.49170-03 

1.09150-03 

6.95360-03 

1.09260-03 

-2.15840-03 

2.97800-03 

1.21330-02 

-1.11100-02 

9.82600-03 

4.74000-03 


A-19 


-9.1788D-03  .1.3292D-02  -6.9404D-04 

6.2004D-03  -5.7390D-03  -7.9753EM)5 

1.6723D-02  -7.1773D-03  6.6502D-03 

-3.10170-02  -3.6592D-02  1. 73920-03 

2.65490-03  9.41370-03  -3.58170-04 

2.62530-04  8.99050-04  6.08120-03 

-2.01220-03  6.95680-04  -1.12290-02 

-2.75030-03  -4.13510-03  -6.84430-04 

6.85520-05  1.00050-02  -1.69300-03 

2.27220-03  5.90600-03  -9.63300-03 

-4.75190-03  -2.32170-04  -1.12240-02 

1.06170-02  6.69490-03  1.01340-03 

-6.25770-03  -1.92520-03  3.54880-03 

4.65780-03  -1.16730-03  3.92860-03 

-5.25490-03  -4.00250-03  -2.19100-03 

-6.70760-03  3.47410-03  -1.65000-03 

2.29690-04  2.41230-04  -1.33890-02 

-6.08910-04  -2.21490-04  -5.02920-04 

2.04650-03  -2.02570-04  -5.22100-04 

3.61460-04  -1.74830-03  -8.36980-04 

-4.53700-04  8.31320-05  1.93660-03 

1.17710-04  5.04840-04  -7.90150-05 

7.40890-04  -3.81900-04  -8.38070-03 

-3.94650-04  -5.813904)4  1.31640-02 

-1.71190-04  -5.89060-05  1.43820-02 

-1.78240-04  3.15140-04  7.93390-03 

-3.38820-03  -5.93700-04  1.65950-03 

1.03450-04  -1.40640-03  1.11110-03 

-8.74230-04  -2.10230-03  -1.91560-03 

4.32190-04  2.46560-03  -1.443304)3 

8.113104)4  1.955304)4  5.73850-04 

-1.87200-05  -1.04760-03  -3.56650-04 

-3.128204)4  -8.78720-04  -3.729404)3 

2.42700-03  3.33040-04  -6.037704)3 

-4.66310-04  6.73930-04  3.435804)3 

1.49050-03  -7.634904)4  -7.389804)4 

-2.289804)3  -1.185504)3  -1.763404)3 

-3.008004)3  -1.695904)3  -7.77660-04 

1.25640-05  5.763404)4  -5.502404)4 

4.10870-06  -7.289104)4  6.017904)4 

1.03630-05  2.530704)5  -3.63980-04 

-2.61640-03  -2.17940-03  2.366404)4 

-1.25160-03  -7.58320-04  -1.61200-04 

-1.49670-03  -1.32050-03  -3.00520-04 

1.55100-03  1.366004)3  -3.70940-04 

-2.33580-04  -2.74960-04  -9.21880-05 

-1.35270-03  -1.28300-03  -4.531304)4 

2.14380-03  8.01610-04  3.297904)4 

-1.06630-03  -7.29980-04  -1.04470-04 


-1.24810-02  -1.56300-02  3.79170-03 

-1.000904)2  -1.19100-02  5.94480-03 

-4.95120-03  -3.471204)3  -3.55430-03 

-2.75210-03  -6.23050-03  5.97030-03 

-1.06290-04  -1.70120-03  1.18620-02 

5.22320-04  -3.23430-03  -8.26840-04 

4.35060-03  -2.43260-03  -4.265304)4 

-1.38130-03  -3.72120-04  5.354904)3 

4.99320-06  1.73230-03  2.38700-03 

-3.76430-05  -4.51770-03  5.22390-03 

-6.54330-03  8.56140-03  5.161004)3 

4.97440-03  1.823004)3  -1.762604)3 

1.649404)3  9.04100-03  4.454004)3 

-6.51410-03  5.78370-03  7.55150-03 

6.27560-03  2.70920-03  1.62850-03 

9.45570-04  -6.92590-03  -3.94200-03 

1.47730-02  2.475204)2  1.28050-02 

-5.223004)3  6.45670-03  -4.97620-03 

8.89490-04  9.06240-04  -7.533004)3 

-7.76480-03  -1.17830-02  2.94930-03 

-4.95300-03  -1.309004)3  -3.94080-03 

-7.128804)3  -1.24300-02  8.47920-03 

-9.467404)3  -1.81100-02  4.098804)3 

-1.160804)3  -4.29520-03  9.65390-03 

9.036604)4  1.95640-03  -4.769604)4 

-6.754204)3  -9.441204)3  -6.69000-03 

2.33510-03  1.90710-03  -8.71230-04 

-1.889604)4  1.582004)3  -2.17210-03 

1.87860-03  2.64490-04  3.09880-03 

3.16370-03  -2.77160-04  4.87930-04 

3.992104)4  -5.822204)4  -5.47350-03 

-7.87640-03  -9.947 ID  03  3.219504)3 

1.51390-03  -1.61180-03  -1.94400-03 

8.72740-05  4.79820-04  -4.34000-03 

1.599004)3  1.282404)3  -2.862204)3 

7.15060-04  1.00830-03  2.00160-03 

8.32810-04  4.50130-04  2.07370-03 

-2.22790-03  2.16900-03  -7.08650-04 

-2.82750-04  7.35270-04  3.40520-04 

1.565404)4  -1.82800-03  -2.17050-04 

3.09080-04  -6.38530-05  2.89140-04 

-1.67100-03  1.02980-03  -7.33840-04 

-3.97860-04  -1.99510-03  1.28930-03 

2.54820-03  2.79660-03  2.84560-04 

9.695304)4  1.34010-03  2.50970-03 

-2.66280-04  -1.81210-05  1.46820-03 

-8.07020-04  1.37160-03  -8.553804)4 

-4.40360-04  8.059904)4  -3.62080-04 

1.962304)4  3.58090-05  -2.23810-05 


A-20 


.1.3237D-03  -2.0021D-03 

-3.4958D-04  2.8199D-03 

-1.7410D-04  -5.9908D-04 

-1.5271D-03  -4.7816D-03 

-2.6128D-05  -5.2575D-05 

-1.6889D-03  1.3912D-03 

-3.3448D-03  -2.4864D-03 

4.1455D-03  7.0196D-04 

-1.2857D-04  5.3879D-04 

1.7953D-03  -5.1350D-04 

-7.8047D-04  6.6035D-04 

1.3820D-03  3.6318D-04 

-1.3685D-03  1.4904D-03 

-7.398  lD-04  3.7192D-03 
3.3860D-04  •1.8028D-04 

-3.3947D-04  - 1 .2930D-04 

-8.8041D-04  -1.3164D-03 

-8.0936D-04  -4.4409D-04 

4.0297D-04  2.7583D-04 

2.3349D-04  1.1393D-04 

-4.1181D-04  -1.6718D-04 

-1.6230D-04  2.0303D-04 

-4.9138D-04  -8.7040D-03 

-2.3133D-04  -1.8177D-03 

2,10030-04  8.71 130-05 

7.75670-05  3.00220-05 

-7.47340-04  -4.74900-04 

-2.33140-04  1.03570-04 

-4.39210-03  3.06110-05 

-1.66840-05  3.10110-05 

-5.57660-05  7.19510-06 

-1.12410-04  -1.03200-04 

5.41430-06  -2.74260-05 

-6.39440-05  1.05410-05 

3.94230-04  -9.77210-06 

2.43380-03  4.36030-03 

1.85570-03  2.27470-04 

2.19880-03  3.41960-03 

-3.89460-03  -2.70700-03 

-2.45690-04  -1.13230-03 

5.31140-03  5.64420-04 

1.79850-03  -4.63100-04 

-8.56870-04  -2.17990-03 

9.93990-04  -2.11770-03 

-3.16430-03  -6.31480-04 

-1.68630-04  -4.21420-04 


5.63030-05  -2.61600-05 

7.95620-04  6.03670-05 

-4.06820-05  6.67050-04 

-3.47740-04  9.95950-04 

-7.44940-04  4.83110-03 

-4.95000-04  -1.16190-03 

-1.55160-04  -1.66410-03 

5.56250-03  -2.83930-03 

1.05930-02  1.42860-03 

-2.97280-03  4.74030-04 

-2.68500-04  1.12710-04 

-1.01840-02  -6.40890-03 

-5.54800-03  -1.14990-02 

2.32010-02  -2.08990-03 

-6.18130-03  -2.22890-03 

-6.25040-03  -1.40090-03 

7.62460-04  1.64650-04 

1.28870-04  1.60460-04 

4.91720-05  9.80080-05 

-6. 1 19 10-04  -4.32340-04 
3.85570-05  1.58700-04 

-2.46630-04  -1.72730-04 

-6.06340-05  -2.29160-04 

-6.27500-04  -5.52470-04 

-2.65770-03  -4.84940-04 

1.15790-03  -8.97100-05 

1.15230-03  1.44580-03 

1.22980-03  1.14780-03 

8.97900-05  8.50140-05 

-4.86140-05  -1.73880-04 

7.94920-04  1.94760-05 

1.67560-06  -2.85390-06 

-6.00250-05  1.93870-04 

8.19440-05  -6.14730-05 

5.51360-03  1.50680-03 

-3.30750-03  1.45540-05 

-5.18730-03  8.38960-03 

1.31340-02  -3.02760-03 

4.85150-03  7.02660-03 

-1.34850-03  4.37030-03 

-5.43640-03  5.41480-03 

-1.33690-02  1.62360-03 

-1.38140-03  -3.90290-03 

-5.94050-03  -1.36580-02 

1.01840-02  -3.43900-03 

-1.01900-02  1.52940-02 


- 1 .94790-04  2.55660-04 

1.4575003  -8.84920-04 

-1.8244003  -3.0975004 

-1.73280-03  -7.2253004 

8.1239003  5.04850-03 

1.12240-03  -4.8832004 

-7.9904005  1.6603003 

-4.2139004  -8.48340-04 

-3.6898004  2.5155003 

-1.6420003  6.9889004 

9.6194004  2.6185003 

-2.3585003  1.1626002 

-1.01170-02  -1.1227003 

-3.4960003  6.0386003 

-1.0265003  -2.8034003 

-5.6160004  -8.8717004 

2.0784004  6.5149005 

-8.2238005  9.7358005 

8.9235006  -1.1131004 

-2.5016004  -2.3907005 

2.4570004  -1J870004 

-2.2552004  -5.0071006 

-2.1510004  -2.9143004 

-3.9326004  2.1354004 

-2.6931004  -5.2808004 

5.%74O04  8.6660005 

-2.5898003  1.4539003 

4.2358004  1.1261003 

-2.3371004  -1.2639004 

-1.6445004  8.4874006 

-1.7191004  4.9735005 

1.0907004  8.1364006 

1.7720004  -1.4611004 

-5.5928005  -1.0654004 

6.3377004  8.3335004 

-5.5410003  3.6050003 

6.7234003  -3.4934003 

-5.3824003  -7.0407003 

7.4403003  -1.0065002 

7.4485004  1.3589004 

3.7297003  -1.0106003 

-6.3434003  -3.7252003 

-7.8544003  1.7154004 

-2.0889002  2.5174D-03 

-9.7339003  1.0921002 

1.9270002  1.8521002 


A-21 


Columns  7  thru  9 


-9.568  lD-05 
2.7210D-03 
4.4897D-03 
5.9283D-04 
1.7956D-04 
4.4169D-04 
3.7162D-04 
2.0805D-05 
1.5244D-05 
-2.1365D-04 
-1.3968D-04 
-2.1712D-04 
-5.8976D-05 
3.0973D-04 
4.953  lD-04 
-2.0964D-03 
8.7809D-04 
3.1234D-03 
-1.2554D-03 
-1.2472D-02 
-1.3443D-02 
-1.1394D-03 
.1.0495D.03 
1.6882D-03 
-1.6490D-03 
-3.8635D-03 
-1.5028D-04 
7.8880D-03 
^.67390-03 
6.56250-03 
4.29 140-03 
1.93480-03 
7.07390-03 
-7.25230-03 
6.38650-03 
1.73490-02 
-2.13200-03 
2.65010-03 
-4.15060-04 
1.42620-03 
-5.54340-03 
^.28740-03 
-5.96430-03 
-5.51170-03 
1.89210-03 
-9.22310-03 
3.21810-03 


-3.22390-04 

2.31180-03 

-4.80300-03 

-6.17560-04 

-5.05320-04 

4.60140-04 

-3.45070-04 

-2.59790-05 

-2.53790-05 

9.68100-05 

1.82600-04 

2.75660-04 

-1.16710-04 

-2.92160-04 

-5.16850-04 

-2.13470-03 

-3.51780-03 

-6.20410-04 

2.63220-03 

-5.97330-03 

1.72%O-02 

3.48540-03 

4.38970-04 

6.02750-03 

4.40950-03 

-4.97650-03 

4.65280-03 

1.02330-02 

-2.57730-03 

-1.42200-02 

-4.46640-03 

7.14190-04 

-1.31620-03 

1.52300-02 

2.88660-03 

-2.12330-03 

-4.60230-04 

-4.51680-03 

-2.71270-03 

-1.81640-03 

-6.52870-03 

2.42770-03 

-1.50290-03 

-7.46570-03 

7.61530-04 

-5.22040-03 

4.21300-03 


-2.19560-03 

2.47730-03 

-4.38200-03 

-4.45200-04 

-4.97780-04 

4.48330-04 

-3.13730-04 

4.76340-04 

-3.53790-05 

1.32980-04 

-1.52940-06 

-7.65140-06 

3.48120-05 

2.73200-04 

4.01860-04 

-2.09260-03 

-3.12130-03 

-8.41610-04 

4.65640-03 

-5.20230-03 

1.69030-02 

5.14470-05 

1.72830-03 

3.29300-03 

-2.49670-04 

-6.65840-04 

1.42770-03 

7.42630-03 

-3.31750-03 

-7.45520-03 

-5.33830-03 

3.11080-03 

3.52020-05 

2.03260-02 

2.76510-03 

3.23880-05 

-2.94390-03 

4.53020-04 

2.21570-03 

-3.82810-03 

7.11170-03 

-1.80260-03 

2.44280-03 

-1.30360-03 

-1.08250-02 

5.71080-03 

1.24350-03 


A-22 


2.1824D-02 

6.4057D-03 

.1.0178D-02 

5.4875D-03 

-1.06%D-02 

8.1365D-03 

6.0058D-03 

1.9308D-02 

-5.7103D-04 

-9.3809D-03 

-3.23080-03 

-3.15190-03 

1.18900-03 

9.22810-04 

-7.73360-03 

5.76650-03 

-3.73530-03 

-1.17650-03 

-1.60940-03 

-3.32180-04 

-8.03410-04 

1.24240-04 

1.94510-04 

1.47640-03 

-1.93990-05 

-1.14410-03 

2.44810-03 

3.64170-03 

1.92530-04 

3.94550-04 

6.25710-04 

4.84860-05 

-3.37240-04 

-4.79370-04 

7.60470-04 

7.40160-04 

6.50370-04 

8.28870-03 

-8.31140-04 

-1.71440-04 

3.07400-03 

1.14910-03 

2.11960-03 

-2.48230-03 

1.01140-02 

8.32730-04 

3.70550-03 

-1.21840-03 

-5.04310-04 


1.34690-02 

-5.58680-03 

4.67530-03 

5.31380-03 

9.23350-03 

-4.07100-04 

6.61110-03 

-7.90000-03 

3.03300-04 

-6.29590-03 

2.17260-03 

-3.93870-03 

1.00030-03 

-2.90090-04 

4.80740-03 

4.18630-03 

4.81100-03 

2.91390-03 

-2.61830-03 

-3.01800-04 

-4.99790-04 

-2.08980-04 

7.99980-04 

5.12920-04 

2.64290-04 

2.26830-04 

-1.80800-03 

5.72720-04 

2.82260-03 

-2.54700-04 

3.70850-04 

-1.08870-04 

3.29990-04 

1.97290-04 

4.59440-04 

-1.22280-03 

4.01260-04 

4.91980-03 

-8.39490-04 

1.58200-03 

2.81130-03 

1.34230-03 

-2.15500-03 

-2.11660-03 

-7.78750-03 

8.02490-03 

6.62120-03 

-8.99460-04 

-1.43%O-03 


2.27090-02 

5.56070-03 

9.27330-03 

8.02500-03 

1.20800-02 

5.95550-03 

1.40720-02 

-1.38110-02 

5.02520-04 

-8.44230-03 

2.36130-03 

-4.49970-03 

-2.11720-03 

2.81220-04 

8.34010-03 

4.58820-03 

2.51710-03 

2.89280-03 

1.18700-03 

-1.18260-03 

8.30130-04 

4.52430-04 

-1.45050-03 

-1.85120-04 

-7.63670-06 

2.93540-03 

1.82700-03 

6.20660-04 

2.86860-03 

1.08300-03 

-2.36610-04 

4.46740-04 

-5.18500-04 

6.59180-05 

-1.09440-03 

-l.%150-04 

-1.61070-03 

8.19600-03 

4.74010-04 

-3.27850-03 

1.92450-03 

6.68100-04 

7.74320-04 

9.33650-04 

-7.85480-03 

7.12740-03 

2.94050-03 

-8.3%9O-05 

-6.94750-04 


A-23 


-1.9238D-02 

2.5891D-03 

1.5934D-03 

1.0402D-03 

-3.2706D-02 

-9.1788D-03 

6.2004D-03 

1.6723D-02 

-3.1017D-02 

2.6549D-03 

2.6253D-04 

-2.0122D-03 

-2.7503D-03 

6.8552D-05 

2.2722D-03 

-4.7519D-03 

1.0617D-02 

-6.2577D-03 

Columns 

-9.5681D-05 

2.7210D-03 

4.4897D-03 

5.9283D-04 

1.7956D-04 

4.4169D-04 

3.7162D-04 

2.0805D-05 

1.5244D-05 

-2.1365D-04 

-1.3968D-04 

-2.1712D-04 

-5.8976D-05 

3.0973D-04 

4.9531D-04 

-2.0964D-03 

8.7809D-04 

3.1234D-03 

-1.2554D-03 

-1.2472D-02 

-1.3443D-02 

-1.1394D-03 

-1.0495D-03 

1.6882D-03 

-1.6490D-03 

-3.8635D-03 

-1.5028D-04 

7.8880D-03 


-1.3227D-03 

3.4970D-03 

2.5785D-03 

4.5475D-03 

-1.2698D-02 

-1.3292D-02 

-5.7390D-03 

-7.1773D-03 

-3.6592D-02 

9.4137D-03 

8.9905D-04 

6.9568D-04 

-4.1351D-03 

1.0005D-02 

5.9060D-03 

-2.3217D-04 

6.6949D-03 

-1.9252D-03 


3.6104D-03 

2.1627D-02 

-3.2993D-03 

-2.0724D-02 

-6.0470D-03 

-6.9404D-04 

-7.9753D-05 

6.6502D-03 

1.7392D-03 

-3.5817D-04 

6.0812D-03 

-1.1229D-02 

-6.8443D-04 

-1.6930D-03 

-9.6330D-03 

-1.1224D-02 

1.0134D-03 

3.5488D-03 


1.1313D-03 

1.1031D-02 

1.2767D-02 

4.4089D-03 

2.8925D-03 

-1.2481D-02 

-1.0009D-02 

-4.9512D-03 

-2.7521D-03 

-1.0629D-04 

5.2232I>-04 

4.3506D-03 

-1.3813D-03 

4.9932D-06 

-3.7643D-05 

-6.5433D-03 

4.9744D-03 

1.6494D-03 


3.5036D-03 

5.8993D-03 

7.2188D-03 

7.1555EM)5 

2.3309D-03 

-1.5630D-02 

-1.1910D-02 

-3.4712D-03 

-6.2305D-03 

-1.7012D-03 

-3.2343D-03 

-2.4326D-03 

-3.7212D-04 

1.7323D-03 

-4.5177D-03 

8.5614D-03 

1.8230D-03 

9.0410D-03 


7  thru  9 


-3.2239D-04  -2.19560-03 

2.31 180-03  2.47730-03 

-4.80300-03  -4.38200-03 

-6.17560-04  -4.45200-04 

-5.05320-04  -4.97780-04 

4.60140-04  4.48330-04 

-3.45070-04  -3.13730-04 

-2.59790-05  4.76340-04 

-2.53790-05  -3.53790-05 

9.68100-05  1.32980-04 

1.82600-04  -1.52940-06 

2.75660-04  -7.65140-06 

-1.16710-04  3.48120-05 

-2.92160-04  2.73200-04 

-5.16850-04  4.01860-04 

-2.13470-03  -2.09260-03 

-3.51780-03  -3.12130-03 

-6.20410-04  -8.41610-04 

2.63220-03  4.65640-03 

-5.97330-03  -5.20230-03 

1.72960-02  1.69030-02 

3.48540-03  5.14470-05 

4.38970-04  1.72830-03 

6.02750-03  3.29300-03 

4.40950-03  -2.49670-04 

-4.97650-03  -6.65840-04 

4.65280-03  1.42770-03 

1.02330-02  7.42630-03 


2.97800-03 

1.21330-02 

-1.11100-02 

9.82600-03 

4.74000-03 

3.79170-03 

5.94480-03 

-3.55430-03 

5.97030-03 

1.18620-02 

-8.26840-04 

-4.26530-04 

5.35490-03 

2.38700-03 

5.22390-03 

5.16100-03 

-1.76260-03 

4.45400-03 


B-9 


-4.6739D-03  -2.5773D-03 

6.5625D-03  -1.4220D-02 

4.2914D-03  -4.4664D-03 

1.9348D-03  7.1419D-04 

7.0739D-03  -1.3162D-03 

-7.2523D-03  1.5230D-02 

6.3865D-03  2.8866D-03 

1.7349D-02  -2.1233D-03 

-2.1320D-03  -4.6023D-04 

2.6501D-03  -4.5168D-03 

-4.1506D-04  -2.7127D-03 

1.4262D-03  -1.8164D-03 

-5.5434D-03  -6.52870-03 

-4.2874D-03  2.4277D-03 

-5.96430-03  -1.50290-03 

-5.51170-03  -7.46570-03 


CF26  = 

Columns  1  thru  6 

2.08250-02  -7.96240-03 

-1.93800-02  -9.42900-03 

5.40880-03  -3.76210-03 

-4.86150-03  -4.08960-03 

1.79010-02  9.25510-03 

-1.50620-02  -5.58080-04 

4.92010-03  2.68610-03 

-3.81180-03  1.12870-03 

1.53410-02  -8.81180-04 

-1.99220-02  8.39280-03 

3.71680-03  9.83140-04 

-5.51750-03  2.34110-03 

-1.70120-03  -3.84290-04 

-9.32600-05  -5.58450-03 

1.00020-03  -5.23580-03 

1.71860-03  3.28310-04 

4.34240-05  5.65230-03 

-9.50380-04  5.33400-03 

1.56030-01  -1.32640-01 

-1.45200-01  -1.57070-01 

4.05240-02  -6.26690-02 

-3.64240-02  -6.81250-02 

1.34120-01  1.54170-01 

-1.12850-01  -9.29650-03 

3.68630-02  4.47450-02 

-2.85600-02  1.88020-02 


-3.31750-03 

-7.45520-03 

-5.33830-03 

3.11080-03 

3.52020-05 

2.03260-02 

2.76510-03 

3.23880-05 

-2.94390-03 

4.53020-04 

2.21570-03 

-3.82810-03 

7.11170-03 

-1.80260-03 

2.44280-03 

-1.30360-03 


4.80650-03  2.40550-03 

-4.11170-03  -5.32740-04 

6.71700-04  3.91750-03 

-3.58650-04  -9.82860-04 

2.55880-03  -8.80230-04 

1.07260-02  -5.84660-04 

2.20430-03  -1.21760-03 

3.68130-03  -7.58550-04 

-1.07940-02  -3.16090-04 

-3.42140-03  2.65990-03 

-3.81920-03  -4.60710-04 

-2.50980-03  3.40830-03 

-6.17820-03  -5.52920-04 

-2.95940-03  -5.16810-04 

3.43370-03  -3.13980-04 

6.18180-03  4.52660-04 

2.84270-03  5.06380-04 

-3.27730-03  -2.79440-04 

8.27400-02  1.32490-01 

-7.07800-02  -2.93420-02 

1.15630-02  2.15770-01 

-6.17400-03  -5.41340-02 

4.40480-02  -4.84810-02 

1.84640-01  -3.22020-02 

3.79450-02  -6.70650-02 

6.33700-02  -4.17790-02 


-6.20290-04  -5.50480-04 

-2.17230-03  -6.87490-04 

-9.83360-04  -7.84230-04 

-3.75250-03  -1.23110-03 

-2.41470-03  -9.49000-04 

1.05030-03  -2.04010-03 

-2.86570-03  -1.15590-03 

1.34550-03  -2.85%O-03 

1.15570-03  -1.94890-03 

-4.07990-04  -7.22510-04 

1.63160-03  -3.07090-03 

-3.15260-04  -8.52770-04 

-2.58680-04  4.19300-04 

6.79950-04  1.05570-04 

7.93270-04  7.12480-05 

3.11710-04  4.21650-04 

-9.13010-05  4.87220-04 

-5.35760-04  4.46750-04 

-3.52860-02  -3.58550-02 

-1.23570-01  -4.47790-02 

-5.59390-02  -5.10810-02 

-2.13460-01  -8.01900-02 

-1.37360-01  -6.18130-02 

5.97460-02  -1.32880-01 

-1.63020-01  -7.52880-02 

7.65420-02  -1.86260-01 


B-10 


1.1494D-01  -1.4679D-02 

-1.4926D-01  1.3981D-01 

2.7847D-02  1.6377D-02 

-4.1339D-02  3.8998D^ 

-1.2746D-02  -6.4015D-03 

-6.9874D-04  -9.3027D-02 

7.4938D-03  -8.7218D-02 

1.2877D-02  5.4689D-03 

3.2535D-04  9.4157D-02 

-7.1205D-03  8.8854D-02 

Columns  7  thru  12 

-8.2665D-04  2.5584D-04 

7.1069D-04  3.3590D-04 

1.1465D-03  -9.1416D-04 

-1.0145D-03  -8.5733D-04 

6.0654D-04  -1.0135D-04 

-2.0616D-05  4.5536D-04 

1.1768D-04  1.0808D-03 

8.6878D-04  -4.0698D-04 

1.1875D-04  4.2411D-04 

-6.3526D-04  -2.7676D-04 

-8.2U0D-04  -4.1586D-04 

-9.2793D-05  1.2428D-03 

1.6346D-04  2.4226D-04 

3.2379D-04  -2.1807D-05 

-3.2964D-04  -9.66260-06 

-1.7693D-04  2.3124D-04 

1.0339D-04  -2.9392D-04 

-1. 06720-04  -3.05200-04 
-1.25130-01  4.03960-02 

1.07580-01  5.30380-02 

1.73540-01  -1.44340-01 

-1.53560-01  -1.35370-01 

9.18130-02  -1.60030-02 

-3.12060-03  7.19010-02 

1.78130-02  1.70650-01 

1.31510-01  -6.42610-02 

1.79760-02  6.69660-02 

-9.61600-02  -4.36990-02 

-1.24290-01  -6.56640-02 

-1.40460-02  1.96230-01 

2.47430-02  3.82530-02 

4.90120-02  -3.44320-03 

-4.98980-02  -1.52570-03 

-2.67820-02  3.65130-02 

1.56500-02  -4.64090-02 

-1.61550-02  -4.81910-02 


-1.85820-01  -1.74090-02 

-5.88970-02  146500-01 

-6.57450-02  -2.53750-02 

-4.32050-02  1.87720-01 

-1.06350-01  -3.04540-02 

-5.09430-02  -2.84650-02 

5.91080-02  -1.72930-02 

1.06420-01  2.49320-02 

4.89360-02  2.78900-02 

-5.64160-02  -1.53910-02 


1.01810-03  -2.81300-04 

1.01390-03  3.22800-04 

-6.78560-04  -6.83990-05 

-7.95550-04  -7.95160-05 

6.21800-04  3.84470-04 

-3.48550-04  -3.96700-04 

-3.55220-04  -3.72770-04 

3.04680-04  -1.31310-04 

-2.85500-04  -9.27810-04 

7.13590-04  -7.84340-04 

1.24310-04  9.92830-04 

-5.52120-04  8.27610-04 

-1.31760-04  -4.02610-05 

-2.14140-05  -1.90720-05 

-6.94060-05  6.08860-05 

-1.50840-04  1.78650-05 

8.91330-05  4.87710-05 

8.52530-05  6.28760-05 

1.72390-01  -5.37260-02 

1.71690-01  6.16520-02 

-1.14900-01  -1.30640-02 

-1.34710-01  -1.51870-02 

1.05290-01  7.34320-02 

-5.90180-02  -7.57680-02 

-6.01470-02  -7.11960-02 

5.15900-02  -2.50800-02 

-4.83430-02  -1.77210-01 

1.20830-01  -1.49800-01 

2.10490-02  1.89620-01 

-9.34880-02  1.58070-01 

-2.23100-02  -7.68960-03 

-3.62590-03  -3.64260-03 

-1.17520-02  1.16290-02 

-2.55400-02  3.41210-03 

1.50930-02  9.31490-03 

1.44360-02  1.20090-02 


6.57450-02  -1.26940-01 

-2.32090-02  -4.70610-02 

9.28130-02  -2.00020-01 

-1.79340-02  -5.55450-02 

-1.47150-02  2.73110-02 

3.86790-02  6.87630-03 

4.51260-02  4.64080-03 

1.77320-02  2.74640-02 

-5.19380-03  3.17350-02 

-3.04770-02  2.90990-02 


-1.41950-04  -6.98340-05 

2.81070-04  6.89630-05 

6.76690-05  1.76530-04 

7.16930-05  -1.69810-04 

7.55260-04  -1.16380-05 

9.10370-04  -6.31350-06 

-8.61800-04  8.77430-05 

-9.13500-04  -2.68120-05 

5.24370-04  -1.10600-05 

-7.85440-05  2.14600-05 

-8.07220-05  4.81460-05 

1.20270-05  -1.08350-04 

-5.94090-05  -1.65500-05 

-7.22640-05  -4.38940-04 

1.25930-05  3.48860-04 

2.24270-07  2.04420-04 

-2.66340-05  -6.32420-04 

-8.28930-06  5.34870-04 

-2.87920-02  -2.44510-02 

5.70110-02  2.41460-02 

1.37260^02  6.18090-02 

1.45420-02  -5.94570-02 

1.53190-01  -4.07470-03 

1.84660-01  -2.21060-03 

-1.74810-01  3.07220-02 

-1.85290-01  -9.38770-03 

1.06360-01  -3.87260-03 

-1.59320-02  7.51390-03 

-1.63730-02  1.6857r  v 

2.43940-03  -3.7937D-02 

-1.20500-02  -5.79480-03 

-1.46580-02  -1.53690-01 

2.55440-03  1.22150-01 

4.54900-05  7.15740-02 

-5.40240-03  -2.21430-01 

-1.68140-03  1.87270-01 


B-11 


Columns  13  thru  18 


-2.1815D-06  3.2105D-05 

2.1249D-06  -2.9890D-05 

-3.6374D-05  -1.2043D-04 

-2.9386D-05  1. 37780-04 
-4.3108D-05  8.1165D-05 

3.1560D-05  -8.4986D-05 

9.3909D-05  -2.3772D-04 

-2.4455D-05  2.7665D-04 

6.2668D-05  6.4987D-05 

-5.9120D-05  -5.6053D-05 

-1.1855D-04  -2.3274D-04 

1.4133D-04  1.7358D-04 

-5.5168D-04  3.885  lD-04 

1.5326D-04  -4.9281D-04 

4.0531D-04  4.1770D-04 

-6.0181D-04  -2.3769D-04 

2.2397D-04  1.3320D-04 

3.6730D-04  -2.0966IW)4 

-7.7783D-04  1.2212D-02 

7.5763D-04  -1.1369D-02 

.1.2970D-02  4.5808D-02 

.1.0478D-02  5.2406D-02 

-1.53710-02  3.08730-02 

1.12530-02  -3.23260-02 

3.34840-02  -9.04210-02 

-8.71940-03  1.05230-01 

2.23450-02  2.47190-02 

-2.10800-02  -2.13210-02 

-4.22710-02  -8.85290-02 

5.03900-02  6.60230-02 

-1.96700-01  1.47780-01 

5.46450-02  -1.87450-01 

1.44520-01  1.58880-01 

-2.14580-01  -9.04110-02 

7.98580-02  5.06660-02 

1.30960-01  -7.97500-02 

Columns  19  thru  24 

-5.73830-02  3.55960-02 

5.14510-02  5.45910-02 

-1.77320-02  1.66850-02 

1.54060-02  2.20330-02 

-4.63130-02  -5.73280-02 

3.50420-02  -1.83250-03 


3.87290-05  -2.6955EM14 

-3.83160-05  -2.76340-04 

-1.43220-04  -1.63350-04 

1.49510-04  -1.63010-04 

5.44850-05  -2.60800-04 

-5.58250-05  -2.88370-04 

-1.96990-04  -1.92820-04 

2.12380-04  -1.92960-04 

5.18670-05  -2.92530-04 

-4.63250-05  -2.53000-04 

-1.94840-04  -1.83820-04 

1.71990-04  -1.84250-04 

-1.25500-04  -1.94850-03 

1.13860-04  -1.93050-03 

-1.20550-04  -1.93100-03 

1.38400-04  -1.95010-03 

-1.50120-04  -1.96530-03 

1.43220-04  -1.96470-03 

2.57330-02  2.0625EM)2 

-2.54580-02  2.11450-02 

-9.51600-02  1.24990-02 

9.93370-02  1.24730-02 

3.62020-02  1.99550-02 

-3.70920-02  2.20650-02 

-1.30890-01  1.47540-02 

1.41110-01  1.47650-02 

3.44620-02  2.23830-02 

-3.07800-02  1.93590-02 

-1.29450-01  1.40650-02 

1.14280-01  1.40980-02 

-8.33870-02  1.49090-01 

7.56560-02  1.47710-01 

-8.00980-02  1.47750-01 

9.19610-02  1.49210-01 

-9.97450-02  1.50370-01 

9.51590-02  1.50330-01 


-3.32350-02  -4.83820-02 

1.52750-02  3.69680-02 

-9.81210-03  -8.07280-02 

2.05250-03  6.49030-02 

1.08540-03  2.73530-02 

-6.66320-02  -1.93100-03 


-2.02280-03  -2.19390-04 

4.29640-04  2.00620-03 

-1.57110-04  -1.38310-04 

1.46850-04  1.53860-04 

1.28490-03  -1.80340-03 

-2.11480-03  -7.20340-04 

2.63940-04  -9.23090-05 

-2.75310-04  5.51130-05 

8.98170-04  1.98330-03 

1.61780-03  -1.43590-03 

-1.93060-05  2.58340-04 

5.14700-05  -2.52790-04 

-2.64660-03  -2.16010-03 

8.94180-04  -3.31990-03 

3.20110-03  -1.24330-03 

2.42370-03  2.40350-03 

-5.08380-04  3.35760-03 

-3.28280-03  8.66190-04 

1.06410-01  1.15320-02 

-2.26020-02  -1.05460-01 

8.26500-03  7.27030-03 

-7.72560-03  -8.08770-03 

-6.75940-02  9.47930-02 

1.11250-01  3.78640-02 

-1.38850-02  4.85220-03 

1.44830-02  -2.89700-03 

-4.72500-02  -1.04250-01 

-8.5107EM)2  7.54780-02 

1.01560-03  -1.35790-02 

-2.70770-03  1.32880-02 

1.39230-01  1.13540-01 

-4.70400-02  1.74510-01 

-1.68400-01  6.53540-02 

-1.27510-01  -1.26340-01 

2.67440-02  -1.76490-01 

1.72700-01  -4.55310-02 


2.19240-02  -3.15020-02 

3.39920-02  -3.12490-02 

3.51000-02  -5.01130-02 

5.94810-02  -5.24410-02 

4.01280-02  -1.90970-02 

-3.52710-02  -3.47920-02 


B-12 


-1.5479I>-02  -2.0904D-02 

1.0920D-02  -4.79520-03 

-3.6183D-02  1. 84680-02 

5.44600-02  -4.66230-02 

-1.07080-02  3.01210-03 

1.80880-02  -1.52090-02 

4.96750-03  5.33650-03 

4.11420-04  2.25220-02 

-3.26240-03  1.73170-02 

-5.03110-03  -4.79150-03 

-1.87830-04  -2.26600-02 

3.07140-03  -1.78810-02 

6.36530-02  -2.47760-02 

-5.70730-02  -3.79980-02 

1.96690-02  -1.16140-02 

-1.70890-02  -1.53360-02 

5.13730-02  3.99030-02 

-3.88700-02  1.27550-03 

1.71700-02  1.45500-02 

-1.21130-02  3.33770-03 

4.01360-02  -1.28550-02 

-6.04100-02  3.24520-02 

1.18780-02  -2.09660-03 

-2.00640-02  1.05860-02 

-5.51030-03  -3.71450-03 

-4.56380-04  -1.56760-02 

3.61890-03  -1.20530-02 

5.58080-03  3.33510-03 

2.08350-04  1.57720-02 

-3.40700-03  1.24460-02 

Columns  25  thru  30 

4.85420-03  -3.46100-02 

3.93600-03  -3.70560-02 

4.94790-02  -4.48080-02 

-3.70480-02  -5.14920-02 

1.50190-02  5.18770-03 

-1.44050-02  2.06720-02 

5.46380-02  4.67660-02 

-5.19530-02  5.88770-03 

4.61540-03  3.27760-02 

-1.28250-02  1.40010-02 

3.64610-02  3.75840-02 

-6.73660-02  4.90230-02 

-6.62660-03  9.86360-03 

-2.34300-03  1.12900-02 

3.51470-05  1.79040-02 

5.4491EM)3  1.78900-02 


-4.07490-03  3.59390-02 

-2.45570-02  -7.00700-04 

6.31260-02  9.80470-03 

2.02320-02  -3.90050-02 

2.46290-02  1.18150-02 

1.15890-02  -5.28620-02 

2.28580-02  -1.37260-02 

8.08330-03  -1.50070-02 

-1.60790-02  1.34110-02 

-2.29400-02  1.13800-02 

-7.33080-03  6.83620-04 

1.52940-02  2.41650-03 

2.25090-02  5.52900-03 

-1.03450-02  -4.22460-03 

6.64540-03  9.22550-03 

-1.39010-03  -7.41700-03 

-7.35100-04  -3.12580-03 

4.51280-02  2.20680-04 

2.75980-03  -4.10710-03 

1.66320-02  8.00750-05 

-4.27530-02  -1.12050-03 

-1.37030-02  4.45740-03 

-1.66800-02  -1.35030-03 

-7.84890-03  6.04100-03 

-1.54810-02  1.56860-03 

-5.47460-03  1.71500-03 

1.08900-02  -1.53260-03 

1.55370-02  -1.30050-03 

4.96500-03  -7.81240-05 

-1.03580-02  -2.76160-04 


2.47420-02  1.98220-02 

-7.00100-03  2.52290-02 

-2.94580-03  -3.77350-04 

1.55100-02  1.71940-03 

-3.88960-02  3.98810-02 

-2.66790-02  4.20770-02 

-4.98680-02  3.12400-02 

-5.85600-02  3.29680-02 

2.78900-02  3.30920-02 

4.43930-02  2.35530-02 

5.03250-02  1.20230-02 

4.06950-02  1.88420-02 

-2.44870-02  4.57150-04 

-2.51930-02  -2.27260-04 

1.89370-02  -9.56290-03 

1.83850-02  -8.36520-03 


5.30150-02  -2.61300-02 

-4.99470-02  -5.71740-02 

-3.52640-02  -3.98090-02 

3.08940-02  -1.90070-02 

-5.52050-02  -7.02040-02 

4.45460-02  -2.27610-02 

7.69590-03  3.25950-03 

4.06650-03  2.82050-03 

8.32140-03  4.37760-04 

1.09590-02  3.28620-04 

-1.35550-02  -1.17770-02 

-1.33530-02  -1.19010-02 

-2.31370-03  2.97610-03 

-3.58730-03  2.95220-03 

-3.70420-03  4.73430-03 

-6.27730-03  4.95420-03 

-4.23490-03  1.80410-03 

3.72230-03  3.28690-03 

-5.59480-03  2.46860-03 

5.27110-03  5.40130-03 

3.72160-03  3.76080-03 

-3.26030-03  1.79560-03 

5.82600-03  6.63230-03 

-4.70120-03  2.15030-03 

-8.12180-04  -3.07930-04 

-4.2915EM)4  -2.66450-04 

-8.78180-04  -4.13560-05 

-1.15650-03  -3.10460-05 

1.43050-03  1.11260-03 

1.40920-03  1.12430-03 


3.04270-02  1.14450-02 

3.47690-02  3.72940-03 

-3.15040-02  -4.14950-02 

-4.97410-02  2.35460-02 

-9.81800-03  1.51480-02 

-1.81540-02  1.24470-02 

5.80530-02  -1.96170-03 

-5.34420-04  -6.49510-02 

-8.96020-03  -2.51940-02 

-5.07320-03  -2.20100-02 

-2.55310-02  5.40460-02 

4.80570-02  2.58520-02 

-2.10080-02  1.64010-02 

-1.67000-02  2.20810-02 

-4.07950-03  -2.73690-02 

-1.03320-02  -2.39540-02 


B-13 


-3.4526D-03 

3.2830EM)3 

-3.4710D-04 

-2.8144CM)4 

-3.5380EJ-03 

2.6491D-03 

-1.0739D-03 

1.0300D-03 

-3.9069D-03 

3.7149D-03 

-3.3002D-04 

9.1706D-04 

-2.6071D-03 

4.8170D-03 

4.7384D-04 

1.6753D-04 

-2.5132D-06 

-3.8964D-04 

2.4688D-04 

-2.3476D-04 

Columns  31 

-9.6273D-02 
6.38690-02 
7.3746D-02 
-4.5 1650-02 
1.99210-02 
-3.46380-04 
-1.89180-02 
-1.03580-02 
6.76050-03 
-3.09820-02 
5.58220-03 
2.78600-02 
-8.56910-03 
6.26740-03 
-5.34830-03 
2.10740-03 
8.77460-03 
-3.20010-03 
2.43610-03 
-1.61610-03 
-1.86600-03 
1.14290-03 
-5.04070-04 
8.76490-06 
4.78700-04 
2.62090-04 


-2.20440-02 

-2.14340-02 

2.34370-03 

2.50940-03 

3.03430-03 

3.48700-03 

-3.51300-04 

-1.39990-03 

-3.16690-03 

-3.98700-04 

-2.21960-03 

-9.48130-04 

-2.54510-03 

-3.31970-03 

-6.67950-04 

-7.64510-04 

-1.21240-03 

-1.21150-03 

1.49280-03 

1.45150-03 

thru  36 

5.87870-02 

9.23290-02 

-4.70430-02 

-7.37140-02 

2.41780-02 

-1.73790-02 

-2.80230-02 

1.32860-02 

-2.54350-02 

1.68480-02 

2.29230-02 

-1.92830-02 

1.47360-02 

-3.03770-03 

-4.39590-03 

1.74630-02 

-1.28520-02 

-1.36840-02 

-1.37860-03 

-2.16510-03 

1.10320-03 

1.72860-03 

-5.66990-04 

4.07540-04 

6.57140-04 

-3.11560-04 


4.05360-05 

1.16280-03 

-1.50890-03 

4.26950-04 

1.79650-04 

-9.45850-04 

2.37210-03 

1.62700-03 

3.04110-03 

3.57130-03 

-1.70080-03 

-2.70730-03 

-3.06910-03 

-2.48180-03 

1.49330-03 

1.53640-03 

-1.15490-03 

-1.12120-03 

-2.47210-06 

-7.09110-05 


1.81440-02 

1.13040-02 

-1.19370-02 

-2.92540-03 

-2.93550-02 

3.26650-02 

9.40760-03 

-2.53840-02 

9.03410-02 

-5.14840-02 

-6.84340-02 

3.17220-02 

1.57970-02 

-5.51090-03 

-1.39770-02 

1.22640-02 

2.25810-03 

-1.32760-02 

-3.99850-04 

-2.49100-04 

2.63050-04 

6.44660-05 

6.46890-04 

-7.19840-04 

-2.07310-04 

5.59390-04 


-1.20970-02 
-1.32440-02 
-1.07310-03 
-1.36570-03 
2.04280-05 
-9.30830-05 
-2.15900-03 
-2.27790-03 
-1.69120-03 
-1.78480-03 
-1.79150-03 
-1.27510-03 
-6  50870-04 
-1.02000-03 
-2.47480-05 
1.23030-05 
5.17690-04 
4.52850-04 
6.54890-04 
7.16950-04 


-3.54740-03 

-7.38360-03 

1.02360-02 

4.69980-03 

2.96150-03 

1.94630-02 

-3.37490-03 

-6.36170-03 

-5.84180-02 

-8.73420-02 

4.05890-02 

6.48890-02 

1.10120-02 

-2.52250-02 

1.53870-02 

1.38010-02 

-2.24620-02 

1.23750-02 

7.39390-05 

1.53900-04 

-2.13350-04 

-9.79580-05 

-6.17260-05 

-4.05670-04 

7.03420-05 

1.32600-04 


2.49350-02 

2.71860-02 

-1.36140-03 

-1.55570-03 

1.40960-03 

2.22570-03 

4.39300-04 

8.12290-04 

-2.59760-03 

2.39130-05 

4.00930-04 

2.27000-04 

1.14240-03 

-2.15030-03 

9.40000-04 

7.47240-04 

1.82540-04 

4.62320-04 

-1.11570-03 

-1.21650-03 


-8.72850-03 

4.30260-03 

1.50770-02 

-5.50010-03 

-9.87890-02 

2.89550-02 

7.61890-02 

-2.13220-02 

-2.58440-02 

2.61480-02 

2.33070-02 

-2.60880-02 

8.46190-03 

2.89930-03 

-1.38660-02 

1.37020-02 

-6.54870-03 

-1.31030-03 

1.77020-04 

-8.72590-05 

-3.05760-04 

1.11550-04 

2.00350-03 

-5.87220-04 

-1.5451’%03 

4.32420-04 


9.84210-03 

3.35970-03 

-5.09040-04 

-1.65870-04 

1.84550-03 

-1.04720-03 

-6.73720-04 

-5.53590-04 

8.72470-05 

2.88880-03 

1.12050-03 

9.78930-04 

-2.40380-03 

-1.14980-03 

-7.29430-04 

-9.82060-04 

1.21730-03 

1.06540-03 

-4.37740-04 

-1.49430-04 


-3.68440-03 

-1.32030-02 

7.38140-04 

1.56910-02 

-3.81480-02 

-1.01400-01 

2.58780-02 

7.63590-02 

-1.76670-02 

-2.99150-02 

1.93210-02 

2.56620-02 

1.21390-02 

1.03610-02 

-1.31440-02 

8.39760-03 

1.23950-02 

-1.92410-02 

7.20780-05 

2.58290-04 

-1.44400-05 

-3.06960-04 

7.46290-04 

1.98380-03 

-5.06250-04 

-1.49380-03 


B-14 


-1.7107EM)4  5.9646D-04 

7.8397D-04  -3.9510CM)4 

-1.4125I>-04  -5.3756D-04 

-7.0498D-04  4.5219t)-04 

2.1683D-04  -3.4557D-04 

-1.5859D-04  7.1234D4)5 

1.3533D-04  1.0308D-04 

-5.3326D-05  -4.0950D-04 

-2.2203D-04  3.0139D-04 

8.0974D-05  3.2088D-04 

Columns  37  thru  42 

-7.7808D-03  -1.9869D-02 

-7.7766D-03  7.9912D-03 

8.7264D-03  -5.85 1813-03 

9.8636D-03  1.8994D-02 

-1.8169D-03  5.4274D-03 

-7.7932D-03  -1.7367D-02 

5.3870D-03  2.3636D-03 

7.7372D-03  8.5026D-03 

-7.7305D-03  1.3410D-02 

-1.8524D-03  1.6100D-02 

7.7975D-03  -1.2703D-02 

5.4077D-03  .1.7926D-02 

-2.6684D-02  1.5669D-02 

-3.3698D-02  -2.3007D-02 

-3.4513D-02  2.1295D-02 

-2.6621D-02  2.4860EM)2 

-3.6749D.02  -1.9935D-02 

-3.8477I3-02  5.8940D-03 

1.0255D-04  2.4303D-04 

1.0250D-04  -9.7747D-05 

-1.1502D-04  7.1578D-05 

-1.3001D-04  -2.3233D-04 

2.3948D-05  -6.6387D-05 

1.0272D-04  2.1243D-04 

-7.1004D-05  -2.891  lD-05 

-1.0198D-04  -1.0400D-04 

1.0189D-04  -1.6403D-04 

2.4415D-05  -1.9693D-04 

-1.0278D-04  1.5538D-04 

-7.1276D-05  2.I927D-04 

3.5170D-04  -1.9166D-04 

4.4415E)-04  2.8142D-04 

4.5490D-04  -2.6048D-04 

3.5088D-04  -3.0408D-04 

4.8437D-04  2.4384D-04 

5.0714D-04  -7.2095D-05 


-1.9908D-03  1.2176D-03 

1.1346D-03  1.8205D-03 

1.5081D-03  -8.4599D-04 

-6.9906D-04  -1.3525D-03 

-3.481  lD-04  -2.2952D-04 

1.2144D-04  5.2577D-04 

3.0802D-04  -3.2070D-04 

-2.7025D-04  -2.8766D-04 

-4.9762D-05  4.6818D-04 

2.9257D-04  -2.5792D-04 


1.5954D-03  2.1872D-02 

1.6713D-02  -2.1572D-02 

-1.4592D-02  4.8236D-02 

-4.5709D-03  -4.9775D-02 

-2.4081D-02  5.1002D-04 

-8.4755D-03  -8.1887D-03 

1.6640D-02  -3.1811D-05 

1.6639D-02  6.7767D-03 

1.2057D-02  6.1005D-03 

.1.5039D-02  -3.4448I>-04 

1.9314D-03  -2.9321D-03 

4.9999EM)4  -8.5054D-04 

-3.2900D-02  -1.2863D-02 

-1.4509D-02  2.0993D-03 

1.5507D-02  5.0104D-03 

-2.5540D-02  1.0298D-02 

-7.95500-04  -9.1220D-03 

1.973 10-02  5.40070-03 
-1.91830-05  -2.43920-04 

-2.00960-04  2.40580-04 

1.75460-04  -5.37940-04 

5.49610-05  5.55100-04 

2.89550-04  -5.68790-06 

1.01910-04  9.13220-05 

-2.00070-04  3.54790-07 

-2.00070-04  -7.55760-05 

-1.44980-04  -6.80340-05 

1.80830-04  3.84170-06 

-2.32230-05  3.27000-05 

-6.01180-06  9.48540-06 

3.95590-04  1.43450-04 

1.74460-04  -2.34120-05 

-1.86460-04  -5.58780-05 

3.07090-04  -1.14850-04 

9.56500-06  1.01730-04 

-2.37240-04  -6.02300-05 


5.24130-04  3.45630-04 

-5.30300-04  5.85230-04 

-4.72680-04  -3.77990-04 

5.29070-04  -5.02020-04 

-1.71610-04  -2.37470-04 

-5.87990-05  -2.02690-04 

2.81200-04  2.57130-04 

-2.77890-04  -1.64280-04 

1.32810-04  -2.42480-04 

2.65730-05  3.76420-04 


-1.06030-02  -1.01720-03 

-1.32390-02  7.70440-03 

1.87100-02  -9.04400-04 

7.36790-03  -6.61800-03 

1.02520-02  -1.94260-02 

-3.22050-03  -1.39940-02 

-7.71130-03  1.07160-02 

4.76320-04  2.47380-02 

1.35660-02  1.40240-02 

1.05520-02  6.59630-03 

-2.18090-03  -1.05230-02 

-2.35990-02  -1.18440-02 

2.19830-02  1.95450-02 

-2.73780-02  9.38870-04 

-2.78780-02  1.70050-02 

1.31200-02  -3.03710-02 

-2.27410-03  -2.71710-02 

2.14670-02  1.86470-02 

1.10250-04  1.04000-05 

1.37660-04  -7.87720-05 

-1.94540-04  9.24680-06 

-7.66100-05  6.76640-05 

-1.06600-04  1.98620-04 

3.34860-05  1.43080-04 

8.01800-05  -1.09560-04 

-4.95270-06  -2.52930-04 

-1.41060-04  -1.43380-04 

-1.09720-04  -6.74420-05 

2.26770-05  1.07590-04 

2.45380-04  1.21090-04 

-2.28570-04  -1.99830-04 

2.84680-04  -9.59920-06 

2.89870-04  -1.73860-04 

-1.36420-04  3.10530-04 

2.36450-05  2.77800-04 

-2.23210-04  -1.90650-04 


B-15 


Columns  43  thru  48 


3.7932D-03 

7.4290D-04 

-8.7199D-03 

2.6735D-03 

2.17880-03 

-2.78230-03 

1.26010-03 

2.03760-03 

2.12350-02 

-2.67200-02 

3.87530-02 

-3.44460-02 

-1.81610-02 

2.48340-02 

-4.42630-03 

7.60560-03 

-2.03550-02 

1.47320-02 

-3.84610-05 

-7.53270-06 

8.84160-05 

-2.71080-05 

-2.20920-05 

2.82110-05 

-1.27770-05 

-2.06600-05 

-2.15320-04 

2.70930-04 

-3.92940-04 

3.49270-04 

1.84140-04 

-2.51810-04 

4.48810-05 

-7.71180-05 

2.06390-04 

-1.49380-04 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 


-3.51140-04 

1.16470-03 

-4.00100-04 

-2.43510-03 

-1.61830-02 

2.35120-02 

-2.58010-02 

1.94500-02 

-5.40750-03 

-1.48960-03 

9.33530-03 

-1.64820-04 

4.71430-03 

-4.23840-03 

1.87240-02 

-1.70290-02 

2.65710-02 

-2.21610-02 

3.48870-06 

-1.15720-05 

3.97520-06 

2.41940-05 

1.60790-04 

-2.33600-04 

2.56340-04 

-1.93240-04 

5.37260-05 

1.48000-05 

-9.27500-05 

1.63750-06 

-4.68380-05 

4.21100-05 

-1.86030-04 

1.69190-04 

-2.63990-04 

2.20180-04 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 


0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

8.21920-05 

5.51670-06 

-4.19580-04 

1.21840-05 

9.58350-05 

-6.96680-06 

-3.83270-04 

2.88330-05 

1.22660-04 

1.40420-06 


0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0,00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

5.29200-05 

2.16320-05 

-2.45970-05 

-1.65380-04 

-6.01670-05 

1.54960-05 

-2.00380-04 

9.96120-05 

1.38960-05 

-3.61010-05 


0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

-5.86170-05 

3.78030-05 

-1.44300-04 

5.25540-06 

-4.57960-05 

-3.76900-05 

1.60370-04 

1.60770-04 

6.57010-05 

-7.96890-09 


0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

1.09540-05 

-1.57470-05 

-1.98110-04 

2.47650-05 

6.08750-05 

1.94890-05 

2.10300-05 

-5.71200-05 

-7.08800-05 

9.07930-06 


B-16 


O.OOOOD+00  O.OOOOD+00 
0.00001>M)0  O.OOOOEMX) 
O.OOOOD+OO  O.OOOOD400 
O.OOOOD+00  O.OOOOD+00 
O.OOOOD+OO  O.OOOOD400 
O.OOOOIHOO  O.OOOOEMX) 
O.OOOOD+OO  O.OOOOEMX) 
O.OOOOIMX)  O.OOOOE>400 
0.0000E>4<X)  0.0000E>400 

O.OOOOD-fOO  O.OOOOE>+O0 

Columns  49  thru  54 

6.6l08E)-05  -2.8417E>-05 

-1.1764E)-05  -2.3698D-05 

-1.1137EM)4  -1.9293E)-05 

-4.U06E>-05  2.3769E>-05 

-2.1984E)-05  4.0000E)-05 

7.661 1EM)6  -1.5866E)-05 

1.8499D-04  -7.7720E)-05 

-1.5285D-05  -3.3186I>-05 

-3.9584E)-05  -8.0918E)-06 

-1.2767E)-05  .l.2746EM)6 

.8.1651D-05  1.0327D-04 

4.1854EM)5  -1.8131D-05 

5.8445D-04  -2.2213D-04 

2.9185D-04  -5.2569E>-06 

-l.6678E)-04  1.2219E>-04 

7.3246D-04  -8.5384E)-06 

1.7118E)-04  -1.2781D-04 

-8.3317E>-04  4.5376EM)5 

-4.9009E>-05  6.2807E>-05 

-5.8020D-05  -1.7716E)-05 

Columns  SS  thru  60 

-4.7716D-06  -6.5742D-05 

1.5699I>-05  8.2509E>-05 

2.6284E)-05  5.6070E>-05 

-8.3047E)-06  1.6544D-05 

-2.5823D-06  -2.7071EM)5 

-6.7327E>-06  -1.0010E)-04 

-2.9078D-06  -1.2026D-04 

-1.0399E>-05  7.7584E>-05 

6.68400-06  1.5466D-04 

-1.9780D-06  1.76140-05 

-2.00770-05  -8.97040-05 

-1.67220-05  -9.39030-05 


-4.03730-04  1.84870-04 

-4.17260-05  7.85280-05 

4.45400-04  -4.67010-03 

1.25890-03  2.39410-04 

-4.34260-03  -9.16320-04 

8.56970-03  -1.69000-02 

4.34040-03  9.48170-04 

5.51330-03  1.71810-02 

9.60800-05  -1.09960-03 

2.79690-04  6.14250-05 


5.04820-05  -7.91120-05 

-5.96090-05  -3.41000-05 

-1.98030-04  7.72330-06 

2.20390-08  7.94530-05 

4.86400-05  7.53670-05 

6.11880-05  -3.4529EM)5 

6.95190-05  -1.58750-04 

-7.19690-05  -4.46820-05 

-8.27300-05  -2.90450-06 

-4.45280-07  7.53720-05 

6.52400-05  1.71350-04 

7.40650-05  -4.41960-05 

4.18060-06  -1.86840-05 

6.90800-05  1.62290-05 

2.12380-04  -1.77140-05 

2.35700-05  1.16580-04 

-2.12660-04  1.1416I>-05 

-3.03710-07  -1.16100-04 

-2.61690-07  5.81200-05 

-7.52450-05  -8.79450-07 


9.78710-05  -9.10540-05 

7.17820-05  1.82570-05 

3.24460-05  1.43760-04 

-9.83390-05  1.15550-05 

-1.35450-04  -6.22210-05 

3.53400-05  -3.18650-05 

8.88510-05  1.12190-04 

6.63040-05  1.63990-05 

2.11290-05  -2.25270-05 

-1.06600-04  1.36000-05 

-8.24020-05  1.25610-04 

3.22760-05  -2.82060-05 


1.21500-04  1.62610-04 

-1.62270-04  4.37170-05 

2.08070-04  -3.12300-04 

4.50940-03  4.60610-04 

-1.67330-02  -2.13050-04 

2.63740-04  -4.59740-04 

1.67310-02  2.10000-04 

-1.11490-03  3.30400-04 

3.90420-05  2.90820-05 

1.10010-03  -1.05290-04 


3.8919E>-05  8.80480-06 

1.10420-05  1.29860-05 

-1.60520-05  3.02460-05 

-5.65500-05  -6.96480-06 

-3.20050-05  -1.40000-05 

1.96550-05  -1.03890-05 

4.88510-05  -2.98620-06 

6.22660-06  1.61410-05 

-3.52430-06  4.90970-06 

-2.30010-05  -8.45890-06 

-4.76700-05  -2.30090-05 

1.33570-05  1.51340-05 

1.10740-04  7.51200-05 

-2.54130-05  1.17440-04 

1.81330-05  2.43920-04 

-4.68020-04  -1.51550-04 

-1.17300-05  -2.40940-04 

4.64510-04  1.94900-04 

-8.34940-05  -3.42040-05 

-5.30680-08  -4.03910-05 


-8.79410-07  -1.47860-05 

1.19450-06  -8.00700-05 

6.46660-05  -9.31610-06 

-2.70040-07  -5.31490-06 

-2.10580-07  -1.20770-05 

-2.04300-06  -8.02160-05 

8.87520-05  -7.15630-06 

1.61890-07  -7.06050-06 

8.37560-07  -1.10940-05 

9.63080-07  -8.44420-05 

8.01300-05  -1.19890-05 

-1.92000-07  -7.46560-06 


B-17 


-6.977  lD-05  -2.9458D-05 
1.0239D-04  -1.8241D-04 

1.1629D-04  ^.3157D-04 

1.5153D-04  1.0804D-04 

-1.1818D-04  4.2939D-04 

-1.5227D-04  -3.0691D-05 

2.6276D-05  1.3724D-05 

-2.5096D-05  8.6310D-05 

Columns  61  thru  66 

7.8357D-05  -3.3035D-05 

-3.7737D-05  -1.1727D-04 

-1.1234D-04  -1.0580D-04 

-8.3438D-05  9.3005D-05 

-1.4914D-05  8.3255D-05 

1.2124D-04  2.4738D-05 

1.5970D-04  -4.7886D-05 

-3.6668D-05  -1.1388D-04 

-6.5893D-05  -5.3444D-05 

-8.2637D-05  9.1591D-05 

-3.61570-05  1.5824D-04 

1. 18420-04  2.44020-05 
7.68090-04  -8.51190-04 

8.38620-04  7.41660-04 

-1.20540-03  -1.07740-03 

1.06630-03  -1.22860-03 

1.21250-03  1.06870-03 

-1.09530-03  1.21740-03 

-3.94310-05  4.05480-05 

-3.87400-05  -3.71400-05 

Columns  67  thru  72 

-4.67070-03  -2.61080-03 

-7.58990-04  -9.48380-04 

1.30940-03  -3.69800-04 

6.62930-03  1.32070-04 

4.13610-03  2.38360-03 

-1.28870-03  -5.91520-04 

-5.45130-03  -2.23000-03 

-1.37970-03  -5.49710-03 

6.16800-04  -9.07620-04 

2.16430-03  9.71290-04 

4.98750-03  2.41100-03 

-2.93090-03  -4.58980-03 

-1.35570-02  -2.64010-03 

-2.04430-03  -1.55590-06 


1.72030-04  -1.64040-05 

-3.24120-05  -3.92250-05 

-9.28850-05  -1.66230-04 

-4.56020-04  1.89780-05 

1.08730-04  1.64240-04 

4.46990-04  -1.24570-04 

-8.36500-05  9.77520-06 

1.79240-05  2.36230-05 


-1.42270-04  -3.14510-04 

-9.20710-06  -4.58130-06 

1.03150-03  2.82200-04 

-6.05250-05  9.75430-04 

-2.20030-04  5.04050-04 

9.00770-06  1.39860-05 

8.44470-04  8.91610-04 

-1.32380-04  -7.41360-04 

-3.41390-04  -1.89930-04 

5.10250-07  -2.08060-05 

9.49510-04  -1.04620-03 

1.96270-04  -3.16470-04 

-1.62150-03  2.17780-02 

•4.37840-03  -4.52230-03 

1.57990-02  1.73630-02 

-2.41920-02  8.06650-02 

-1.57880-02  -1.75460-02 

-1.25840-02  -8.19910-02 

-3.60480-04  5.06550-03 

-1.01240-03  -1.09600-03 


2.53880-04  -6.77570-03 

5.91520-04  -1.12650-03 

-3.41470-03  9.18720-04 

-7.54740-04  1.25320-02 

4.09600-04  7.03910-03 

-6.06580-04  -2.16390-03 

-5.43240-03  -4.62890-03 

1.02020-03  -4.82970-04 

2.88150-03  1.51110-03 

-9.62750-05  3.70710-03 

-5.37480-03  2.86870-03 

-2.45620-03  -3.54180-03 

-2.13860-03  -1.70030-03 

-5.78910-03  -1.62170-04 


6.16700-06  -2.10720-06 

1.32740-05  -4.34400-08 

-7.02710-05  -1.59290-05 

-8.80330-05  3.26490-06 

7.00410-05  2.73560-06 

-1.38390-04  -6.67760-06 

5.09300-08  -2.53930-06 

2.01600-06  -5.84610-06 


4.96210-04  -2.37420-03 

-1.49850-05  1.97450-03 

6.84940-04  6.58910-03 

-1.90850-04  -8.39490-04 

2.12850-04  -3.03130-03 

1.31460-06  -1.73210-03 

-1.08390-03  -1.81950-03 

-8.58280-04  5.29780-03 

-4.57350-04  4.96680-03 

1.36010-05  -2.67810-04 

-5.15720-04  -3.41110-03 

1.03820-03  -4.95250-03 

-4.40970-03  1.54860-03 

-2.11350-02  -9.74800-03 

8.03630-02  -5.01370-02 

-1.21830-02  -2.13300-03 

-8.03210-02  5.02280-02 

2.01200-02  8.03860-03 

-9.77530-04  -8.84940-04 

-5.10040-03  7.47130-03 


-4.92260-03  -2.90160-03 

3.60090-03  -1.86220-03 

4.23640-03  -1.99650-03 

-3.50870-03  -8.21070-03 

-5.03680-03  1.32160-03 

-3.40530-03  -2.07800-04 

-1.63750-03  -1.55300-03 

7.43640-03  -1.49090-02 

8.67290-03  -3.83340-03 

-6.21720-04  4.17970-05 

-3.31620-03  3.68410-05 

-1.17010-02  -1.05490-02 

-4.18340-04  -5.40140-04 

-4.20260-03  2.10740-03 
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-7.01610-03 

5.17090-03 

-1.08500-02 

-1.6069002 

-8.6045002 

4.34570-02 

3.2781002 

-1.6626002 

8.3893002 

-7.5135D-03 

6.26330-03 

-5.88570-03 

1.07830-02 

1.5027002 

8.5919002 

-4.11340-02 

-3.1145002 

-1.00080-02 

-8.7090002 

9.5176D-03 

7.14080-03 

3.7231003 

9.33950-05 

7.2836D-03 

-6.3875004 

1.21790-03 

-6.6101004 

1.8393003 

1.7417D-03 

7.0052003 

Columns  73  thru  78 

8.29480-03 

9.9507003 

2.86900-03 

-8.5141003 

-3.6354003 

3.45910-03 

-3.4872003 

-2.2696003 

-3.4374D-03 

-6.4700D-03 

-3.27080-04 

-1.9469003 

-1.3311002 

-1.3307003 

-2.5827003 

-1.54510-02 

-3.82780-03 

-3.16460-03 

1.4790002 

3.9522D-03 

-1.24290-02 

2.7615003 

-8.6579005 

1.1729002 

6.1775003 

1.18990-03 

4.5844003 

3.44200-03 

-2.7229D-03 

-2.3027D-04 

7.19130-04 

-8.32580-04 

3.5581003 

-3.5299003 

-7.3014D-03 

1.15950-02 

-1.1594002 

5.9040004 

-2.2122004 

7.1048D-05 

3.97620-03 

-1.18660-02 

-1.03170-03 

9.8452D-04 

-3.6275D-03 

-4.48120-03 

-1.0423003 

-1.73460-03 

8.8137003 

8.6415D-03 

-5.35390-04 

6.5921004 

1.10560-03 

4.8196003 

1.9534D-02 

4.61540-03 

1.5929002 

-6.99000-04 

-1.3265003 

3.7356003 

4.27270-02 

1.0015002 

2.0567003 

-1.1932D-02 

-7.1228D-03 

-1.11050-02 

4.5251002 

7.77890-03 

2.9512004 

3.2854003 

-1.58410-02 

6.8148002 

-3.9991002 

-8.2201003 

-1.0998002 

-7.2798002 

-2.3188002 

3.9902003 

1.3456002 

-5.5770002 

1.83100-02 

-6.75200-02 

4.0088002 

7.3175003 

1.1471002 

7.36600-02 

1.5675002 

1.03670-02 

-8.8092003 

4.4579D-02 

-8.5416003 

-2.00140-03 

-1.18020-04 

-7.8501D-05 

2.2047003 

1.7492003 

-8.66260-03 

-2.0845003 

4.3353D-04 

-5.4931004 

Columns  79  thru  84 

-6.8666004 

-4.7513003 

2.0876002 

4.7840002 

1.0645D-03 

-4.9989003 

-1.2345002 

2.6914002 

2.6909002 

7.7154I>-02 

-6.0487003 

-9.7816003 

5.27400-03 

5.5179002 

5.7476002 

-5.8274004 

-1.7190003 

4.0616003 

-3.9026D-02 

5.6352D-02 

7.4179003 

7.3612003 

-3.4775004 

-2.255  lD-02 

4.5810002 

-2.3666003 

3.97640-03 

2.7585002 

-8.1401D-02 

2.1782003 

-1.6333002 

5.2766003 

-4.6870003 

-7.4048002 

2.0530002 

-6.5551003 

-1.2465002 

2.7539002 

-3.1311D-02 

-5.5312002 

-1.3963003 

-1.1455002 

1.2343002 

-3.3424002 

-3.5716002 

5.21050-03 

1.9319003 

5  6022002 

3.9321002 

-5.5194002 

2.5274004 

9.08190-03 

2.7374002 

2.1651002 

-7.1909002 

-3.6103004 

-5.6001003 

2.8164002 

6.3130002 

9.2468003 

-2.2168003 

-1.2456003 

1.4800002 

3.8678002 

-5.7802D-02 

5.0807004 

1.9803003 

1.5643003 

6.2540002 

4.0262002 

1.3718002 

-2.6039002 

5.5036D-03 

3.1193001 

2.0479001 

-1.21660-02 

1.0241003 

-1.1305D-01 

-2.4508D-01 

3.2485D-01 

1.5931D-02 

2.2548D-02 

-1.7392D-02 

-2.2076D-02 

1.4651D-03 

-2.2853D-03 


-1.3821D-02 

6.03050-03 

1.24080-02 

-3.27170-04 

-2.34860-03 

-1.43230-02 

-1.32370-02 

1.46530-03 

1.20490-02 

4.92430-03 

6.01340-04 

-1.35050-02 

-3.11270-03 

-7.955:0-03 

1.76040-02 

-1.53170-02 

-1.85530-02 

1.50290-02 

4.61200-04 

-1.66050-04 


4.21000-02 

3.21580-02 

2.59940-02 

-1.08670-02 

-2.01620-03 

-4.25460-02 

-3.95180-02 

-3.00050-02 

-2.80130-02 

9.83000-03 

-8.34250-03 

4.01210-02 

4.92040-03 

3.76170-02 

2.19650-01 

-7.92610-02 


B-19 


-1.4160D-02  2.4208D-02 

3.6464D-02  -1.1652D-02 

9.4057D-04  -8.3335D-04 

5.1424D-04  -1.6762D-03 

Columns  85  thru  88 

-7.0163D-02  -2.3618D-02 

7.7281D-03  -2.9521D-02 

1.3291D-03  -1.5009D-02 

3.5341D-02  -1.6063D-02 

6.2855D-02  -5.4082D-02 

2.4085D-02  1.4739D-02 

1.7441D-02  1.2220D-02 

-6.3952D-03  2.8643D-02 

1.6905D-02  6.603  lD-02 

-3.1076D-02  1.5836D-02 

-2.7477D-02  1.5305D-02 

-2.4861D-02  -1.5294D-02 

-3.7503D-03  5.3738D-03 

-3.6389D-03  -2.2122D-03 

-7.5093D-02  -1.77260-01 

2.5890D-01  -9.66720-02 

6.11980-02  1.82340-01 

-2.54980-01  1.24010-01 

-3.32930-02  1.37370-02 

-5.04610-03  -3.32460-02 


Columns  1  thru  6 

-5.97660-20  -3.17510-20 

1.66270-20  4.29430-20 

6.05610-20  2.77560-20 

6.02350-22  -2.84470-20 

5.71860-20  6.03950-20 

-4.15780-20  -6.98530-20 

-3.30310-20  3.07370-20 

1.77970-20  -1.22890-20 

-5.97100-21  -2.29310-21 

2.01200-20  1.21560-20 

-6.44810-21  4.14750-22 

4.30000-21  -3.15480-21 

-4.04770-20  5.49050-20 

2.42320-20  -2.69580-20 

5.68620-20  1.64100-20 


5.5%9O-03  -3.02920-01 

1.09260-01  2.15150-01 

1.02700-02  2.56060-02 

3.80240-03  3.45990-02 


2.55090-02  3.91960-02 

-3.86550-02  -4.95600-03 

-4.88390-02  2.30190-02 

-4.01720-02  -4.67100-02 

-3.89000-02  -4.83180-02 

2.64020-04  -3.55670-02 

-2.34210-02  -1.81680-02 

4.01900-02  2.98150-03 

4.29300-02  -3.08170-02 

3.49440-02  3.51180-02 

1.59820-02  5.21520-02 

-3.43980-03  4.14040-02 

2.22170-02  2.64760-02 

-1.74950-02  1.36420-02 

-1.20010-01  1.23500-01 

-2.29150-01  -2.46610-01 

1.30890-01  -1.11710-01 

2.37350-01  2.35410-01 

2.94270-02  3.27040-02 

-2.52520-02  1.08090-02 


2.22910-19  -1.64600-20 

-8.13670-20  4.48230-20 

-1.44150-19  2.35600-20 

2.30340-21  2.65140-20 

-2.89660-19  2.75290-20 

2.93660-19  -5.20020-20 

-1.12180-21  -4.54330-20 

4.04410-21  1.46620-20 

8.05440-20  3.58620-20 

-4.47920-20  3.14340-20 

-6.97550-20  -8.96380-20 

2.46410-20  1.03910-19 

2.36420-19  -4.01880-20 

-1.31240-19  -6.89560-20 

-2.57800-19  3.17520-19 


-2.16870-01  -2.16250-01 

-3.48190-01  4.73440-02 

-3.70870-02  8.40540-03 

3.71470-02  2.77640-02 


-6.42280-20  1.42040-19 

1.04100-19  -1.50820-19 

5.25540-20  -1.03050-19 

-3.64960-21  1.31260-19 

1.18970-19  -8.99040-20 

-1.33910-19  6.63950-20 

-1.96650-19  1.15710-19 

1.28640-19  -1.34340-19 

1.07590-19  -6.11880-20 

3.92130-20  2.35390-20 

-4.14190-20  4.77850-20 

3.30130-20  -9.10410-21 

2.80290-19  -1.55410-19 

-4.13330-19  -7.09030-20 

5.10910-19  -4.67870-20 


B-20 


-4.9155D-20  2.5312D-20 

-3.1439D-20  -2.79810-20 

-3.46070-21  1.67490-21 

1.85980-22  9.69630-23 

-9.43710-23  -1.72510-22 

-2.07790-22  -9.43550-23 

6.17360-23  1.23520-22 

-1.78120-22  -2.75380-22 

1.43850-22  3.63490-22 

6.88120-23  -4.22390-22 

-2.93070-23  3.04380-22 

2.15760-23  6.75980-24 

-1.12060-22  -2.00350-23 

8.56110-23  -5.05400-23 

-2.25720-23  3.21190-23 

6.00770-23  -2.93080-22 

-2.93980-23  2.06050-22 

-1.83280-22  -1.71310-22 

1.61060-22  -3.86420-23 

1.48020-22  4.16670-23 

-5.54480-23  4.65160-23 

1.91700-09  -1.87000-09 

2.65460-09  7.29580-10 

3.23510-09  1.03570-09 

5.91940-10  1.29950-09 

2.45430-10  1.40670-09 

-2.07940-09  7.55700-10 

-7.78140-10  7.12720-10 

-3.33600-09  -6.28340-10 

-5.16230-09  -1.20090-09 

-4.49090-10  -1.26190-09 

3.80930-10  -4.01370-10 

2.63870-09  -7.48940-10 

-1.46800-10  -1.36330-09 

2.68410-09  6.72320-11 

1.70300-08  4.23670-10 

3.72190-10  7.74500-09 

-1.70310-08  -8.43740-10 

-3.79270-09  -8.32850-09 

-2.86010-10  -8.64670-10 

2.58730-09  3.19750-10 

Columns  7  thru  9 

2.13680-19  1.01230-20 

-1.83500-19  -6.89090-20 

-1.93570-19  -1.40710-20 

1.87210-19  1.22860-19 

-1.57270-19  -1.18510-19 


1.99520-19  -1.18880-19 

9.71430-20  -3.06370-19 

1.71020-20  2.94330-19 

-6.99860-22  -1.81160-23 

4.31460-22  -1.83470-22 

3.60320-22  6.13380-23 

-1.11990-22  -1.50350-22 

1.17550-21  4.53450-23 

-1.29780-21  1.60100-22 

8.76970-22  2.99570-22 

-7.62210-22  -2.77060-22 

-3.16860-22  -1.09110-22 

1.48390-22  -2.25260-22 

3.85490-22  6.68880-22 

-1.87280-22  -6.76870-22 

-6.91590-22  1.10470-22 

3.46200-22  5.18350-22 

1.03820-21  -1.35300-21 

-7.38040-22  2.11170-22 

1.29950-22  1.96050-21 

-1.85900-22  -1.71680-21 

-1.02210-09  -7.27570-09 

-5.93580-10  -2.01460-09 

1.28680-09  -2.99450-09 

2.11760-09  -8.95640-10 

-6.73640-10  1.62820-09 

-2.90220-09  2.43260-09 

-2.30200-09  5.98320-10 

-1.61530-09  2.49890-09 

1.07010-09  4.19350-09 

-2.50170-09  1.2806EMJ9 

-1.25620-09  2.42400-09 

1.01560-08  -4.01000-09 

-2.16180-09  -4.12920-10 

-3.19780-09  -2.80860-09 

1.21120-08  -2.20050-08 

3.76280-09  -2.15570-09 

-1.28630-08  2.24820-08 

^.71580-09  4.56550-09 

1.01790-09  -7.72720-10 

3.11990-09  -2.71410-09 


-2.75140-20 

-1.37130-19 

-1.08670-20 

2.26010-19 

4.95080-21 


-1.08470-19  1.92340-19 

-5.86640-19  9.42040-21 

5.15040-19  -1.23660-19 

1.63880-22  -5.27250-22 

-3.13860-22  5.26130-22 

-1.66750-22  3.8338I>22 

-4.01280-23  -3.99810-22 

-1.39750-22  1.82650-22 

2.18040-22  -3.85020-23 

1.18070-21  -7.32750-22 

-9.00260-22  7.51330-22 

-5.45060-22  3.19450-22 

-1.43640-22  -1.75560-22 

1.07830-22  -8.81900-23 

9.54250-24  -1.02110-22 

-1.70360-21  8.24150-22 

2.44950-21  6.18200-22 

-2.25450-21  -3.37580-22 

-2.23320-23  -7.31270-22 

3.18150-21  4.31320-22 

-2.27280-21  -3.89560-23 

-2.93560-09  3.7564EM)9 

2.66070-09  1.79530-09 

1.80990-09  1.00780-09 

-4.52790-09  -2.17670-09 

8.94390-09  -3.46350-09 

7.81190-10  -1.57%O-09 

-6.53460-09  -4.11230-09 

-2.81560-09  -1.36830-09 

-4.14950-09  1.82470-09 

1.68770-09  7.10740-10 

1.22390-10  -2.42720-09 

7.38430-10  1.58730-09 

-3.32580-09  1.36740-09 

1.23060-09  5.82130-10 

1.27420-08  1.26440-08 

1.22920-09  -1.08340-08 

-1.26550-08  -1.22970-08 

-9.39690-10  7.81240-09 

-5.38460-10  1.46350-09 

2.11230-09  7.12900-10 


B-21 


1.2356D-19  1.0925D-19  1.7298D-20 

1.1760D-19  -1.7992D-19  -3.2257D-19 

-1.5212D-19  1.3965D-19  2.3205D-19 

-1.2220D-19  -3.6901D-20  -2.5121D-20 

1.3714D-20  4.2826D-20  1.3444D-20 

2.2354D-19  2.1674D-20  1.0307D-19 

-1.4152D-19  2.191  lD-21  -8.1280D-20 

-1.6666D-19  -2.6680D-19  -2.9971D-19 

-5.2861D-20  6.1889D-20  -3.3056D-20 

-3.2801D-19  2.1988D-19  2.4320D-19 

2.6959D>19  -1.0884D-19  7.8191D-20 

2.4755D-19  -1.0055D-19  -1.77110-19 

-3.7171D-19  1.4410D-19  9.0845D-20 

-7.1820D-22  -1.0087D-22  2.2819D-24 

6.9065D-22  2.3645D-22  4.7799D-22 

7.1318D-22  1.7188D-22  3.3926D-22 

-7.0284D-22  -3.0464D-22  -9.9558D-22 

3.0993D-22  8.1398D-22  4.3909D-22 

-3.5539D-22  -7.4447D-22  -6.1886D-22 

-5.2049D-22  1.6375D-21  2.3227D-21 

8.3614D-22  -1.5590D-21  -1.9043D-21 

4.0328D-22  1.5268D-22  5.7533D-23 

6.0600D-23  -2.9452D-22  -6.3725D-23 

-1.3303D-21  1.5449D-22  -6.1690D-22 

9.4879D-22  -1.1553D-22  5.50310-22 

9.61310-22  1.29230-21  1.25480-21 

5.37000-22  -3.11740-22  4.14600-22 

7.75210-22  -7.09860-22  -7.88560-22 

-8.48200-22  -7.95960-23  -1.29500-21 

-1.03540-21  6.84150-22  1.05440-21 

1.45670-21  -1.03120-21  -8.24000-22 

-3.33410-09  3.76010-09  4.01340-09 

2.86990-09  1.73110-09  -1.91030-09 

3.45840-09  5.23760-10  -6.55520-09 

5.32140-10  1.71940-10  -3.30680-09 

-2.28000-09  2.00160-09  -7.20880-09 

6.67830-10  -1.77750-10  3.67120-09 

l.%220-09  9.09760-10  4.12920-09 

-5.67120-09  -3.06920-09  3.76250-09 

4.59580-09  -6.85010-09  -2.54680-10 

7.23880-10  -3.60430-10  2.61090-09 

-4.72460-09  -1.26560-09  5.18630-09 

-7.91350-10  1.05020-09  -6.94520-09 

8.54430-10  -2.97270-10  3.15450-09 

-3.10730-09  1.86340-09  9.18780-11 

3.70110-09  1.18110-08  -2.19980-08 

1.11360-08  9.42010-09  -1.22100-08 

-4.39330-09  -1.24460-08  2.26430-08 

-1.05590-08  -1.20800-08  1.57930-08 


-1.4201D-09  -6.3227D-10  1.7762EV-09 

7.1714D-10  2.4461D-09  -4.7097D^ 


D^- 

Columns  1  thru  6 


-2.5605D-19 
2.3110D-19 
2.2553D-19 
'2.6228D-19 
3.2054D-19 
-3.9143D-19 
5.6796D-19 
-3.9961D-19 
-3.3216D-19 
5.7247D-20 
1.9523D-19 
-9.441  lD-20 
-2.3500D-19 
4.8277D-19 
-4.6936D-19 
-1.1917D-19 
7,0153D.19 
-6.6782D-19 
8.0763D-22 
-1.2271D-21 
-7.9278D-22 
1.4847D-21 
-2.2186D-21 
2.9277D-21 
-5.5853D-21 
4.4258D-21 
1.4419D-21 
-3.9271D-23 
-1.1497D-21 
4.59820-22 
9.65010-22 
-2.03610-21 
1.07450-21 
2.48810-21 
-5.04530-21 
3.19250-21 
-3.22200-09 
2.00840-09 
-1.40440-09 
-7.48460-09 


2.59820-19 

-4.82850-19 

-2.22820-19 

3.62980-19 

-5.80150-19 

6.84350-19 

-2.24510-19 

7.35970-20 

1.22020-19 

-1.29710-19 

-3.74140-20 

-4.03380-20 

-5.31140-19 

2.56850-19 

-2.89720-19 

1.62310-19 

4.13910-19 

-2.27480-19 

-6.87400-22 

2.00120-21 

6.79600-22 

-1.63570-21 

2.72860-21 

-3.53520-21 

3.50270-21 

-2.57140-21 

-5.06280-22 

2.44120-22 

4.10040-22 

2.02820-22 

2.94340-21 

-2.12250-21 

1.99940-21 

-1.65530-21 

-8.32670-22 

5.04180-22 

1.45940-09 

1.29830-09 

2.57680-09 

-7.66580-09 


1.03920-19 

5.85650-21 

-7.48630-20 

1.51250-19 

5.09260-22 

-1.44700-20 

-1.3659D-19 

4.02940-20 

2.42560-19 

1.73020-20 

-1.66170-19 

1.23460-19 

3.11530-19 

-3.72400-19 

6.09420-19 

4.6841O-20 

-6.08960-19 

5.52960-19 

-4.38720-22 

8.23290-23 

5.67550-22 

-9.57950-22 

2.71240-22 

-2.02890-22 

1.02280-21 

-5.88250-22 

-1.01050-21 

-238040-23 

7.42460-22 

-6.54770-22 

-1.67400-21 

2.12880-21 

-2.41270-21 

-1.29110-21 

3.7596I>-21 

-2.50500-21 

-9.54280-09 

-1.04000-08 

6.43680-09 

9.17740-09 


-1.57130-19 

3.79020-19 

1.86920-19 

-2.79950-19 

3.39280-19 

-5.01470-19 

4.50890-20 

8.80660-20 

5.97930-20 

1.24640-19 

-7.43810-20 

4.62520-20 

7.26190-19 

-4.81830-19 

5.56130-19 

-8.28120-20 

-6.20640-19 

4.70040-19 

4.14260-22 

-1.34570-21 

-8.68080-22 

1.24870-21 

-1.26730-21 

2.45350-21 

-1.60430-21 

4.93430-22 

-3.05060-22 

-3.83430-22 

1.54840-22 

-1.45950-22 

-4.01650-21 

3.47630-21 

-3.42210-21 

8.80040-22 

2.52540-21 

-1.70110-21 

1.16960-08 

5.31820-09 

-6.38040-09 

9.52780-09 


-3.05260-19 

-6.00960-20 

2.65520-19 

1.71490-19 

4.00750-19 

-2.05700-19 

-5.36100-19 

3.44080-19 

2.10710-19 

-2.97540-20 

-1.72520-19 

8.58130-20 

-3.04580-19 

4.35010-20 

7.43920-19 

-2.95670-19 

-2.48660-19 

-2.37210-19 

7.70870-22 

-1.03770-23 

-5.07060-22 

-4.21060-22 

-8.49500-22 

1.22510-22 

2.75680-21 

-1.94660-21 

-8.15040-22 

-1.32760-22 

1.04410-21 

-3.30450-22 

2.61510-22 

3.95720-22 

-2.46930-21 

3.70010-22 

1.69470-21 

7.45850-22 

4.01570-09 

2.43390-09 

4.09300-09 

-3.27870-09 


B-23 


-1.11130-19 

4.48770-19 

5.2333020 

-3.96430-19 

3.2515019 

-3.39440-19 

4.8337019 

-4.18680-19 

1.1227020 

4.6903021 

2.3517021 

-3.03060-20 

5.0712019 

-3.87740-20 

9.8103020 

-2.16310-19 

-1.81310-19 

4.6502019 

3.0797022 

-1.76740-21 

-3.3597022 

1.6810021 

-2.14270-21 

2.3131021 

-4.6472021 

4.2956021 

-1.04530-22 

3.0120022 

-5.13720-22 

3.4168022 

-2.65140-21 

4.6785022 

-2.2071022 

1.5112021 

-1.08150-21 

-1.52820-22 

-3.11510-09 

3.2030009 

7.0676010 

5.0988009 


1.4878D-09  8.0942D-10 

1.4054D-09  2.0110D-09 

9.3897D-10  -3.1425D-09 

1.0481D-09  -5.7885D-10 

1.384iD-09  -1.0582D-09 

8.7596D-10  8.6643D-10 

7.8712D-10  7.4249D-10 

-1.1156D-09  1.0059D-09 

2.3143D-09  2.6143D-09 

-1.2709D-09  8.0085D-10 

-7.3316D-09  5.6015D-09 

-3.0658D-09  -1.7496D-09 

6.9178D-09  -6.0119D-09 

1.7763D-09  2.8296D-09 

9.5104D-10  1.0040D-09 

-6.5527D-10  1.0498D-09 

Columns  7  thru  12 

3.6248D-19  2.0070D-19 

-4.8632D-20  -4.1605D-19 

-4.3216D-19  -1.8062D-19 

2.2192D-20  3.5559D-19 

-2.1015D-19  -1.8301D-19 

5.9039D-20  1.9317D-19 

7.2927D-19  -1.7073D-20 

-5.8979D-19  -3.9788D-20 

-1.4877D-19  -1.4941D-20 

-3.1469D-20  -9.7344D-20 

8.8472D-20  1.1658D-19 

-5.8144D-20  -1.0285D-19 

-1.1629D-19  -6.4616D-19 

-4.0587D-21  1.0147D-19 

-7.4571D-19  -1.7465D-19 

5.2965D-19  2.2879IM9 

4.0618D-19  5.0350D-19 

•2.6068D-19  -9.1609D-19 

-1.2440D-21  -7.7680D-22 

1.3744D-22  1.4844D-21 

1.7400D-21  7.7705D-22 

-2.6079D-22  -1.1783D-21 

-3.16320-22  8. 17250-22 

9.31310-22  -9.85640-22 

-4.90750-21  6.34580-22 

4.34750-21  -2.70750-22 

6.89850-22  -5.52840-25 

1.40030-22  2.02180-22 

-3.22060-22  -5.81620-22 

-3.55390-24  8.31390-22 


-6.50820-09  5.64830-09 

4.82430-09  -1.03670-08 

1.07480-08  -8.19330-09 

8.31560-09  -8.05310-09 

5.21350-09  -6.21040-09 

-1.08380-09  -1.58080-09 

4.69370-09  -6.67870-09 

-7.46960-09  8.77970-09 

-2.00080-09  -3.20250-09 

-4.25580-09  4.60410-09 

-4.32560-08  4.61130-08 

5.14110-09  3.83310-09 

4.36140-08  ^.58190-08 

6.72140-10  -9.56330-09 

-1.09390-09  -1.26220-09 

-5.12680-09  5.54340-09 


-5.34500-21  3.98690-19 

2.69970-19  -2.94680-19 

-3.08660-20  -2.74050-19 

-2.41660-19  9.56860-20 

-2.70740-20  -2.49900-19 

-7.03050-20  2.64750-19 

2.20710-19  6.90210-20 

-6.85800-20  -6.57840-20 

-8.12990-22  1.57320-19 

2.16190-20  -1.13230-19 

-1.91660-20  -1.26980-19 

1.18410-21  5.81030-20 

6.23660-19  2.40960-19 

-2.21900-19  -1.14340-19 

-5.15970-19  -1.35950-19 

2.45500-19  2.22450-19 

-9.77140-20  2.47750-19 

2.04750-19  -4.04220-19 

2.03950-22  -134170-21 

-8.30770-22  1.19720-21 

-1.70320-22  9.23910-22 

7.48960-22  -4.51700-22 

-1.65910-22  7.50020-22 

5.33780-22  -9.60250-22 

-131570-21  1.79760-22 

7.69570-22  1.34770-23 

-7.82490-23  -5.41050-22 

-2.26390-23  5.07540-22 

1.49120-22  3.99870-22 

-5.41600-23  -3.55730-22 


-6.32340-09  8.59780-09 

3.13210-10  2.39510-09 

-4.38060-09  4.58950-09 

-9.87330-09  -1.04870-08 

-2.90580-09  2.03620-11 

2.50000-09  1.29080-10 

3.50610-09  -8.73050-09 

4.53980-09  -2.66100-09 

6.06280-10  -3.84680-09 

4.46820-09  1.75080-09 

2.13750-08  137900-09 

-1.70510-08  3.10830-08 

-2.00030-08  -3.23860-09 

1.05810-08  -2.62590-08 

2.33520-09  -5.28310-09 

2.75970-09  2.27940-09 


-1.38290-19  -3.73450-19 

-2.69540-19  1.31080-19 

1.15630-19  3.03140-19 

3.28270-19  1.31410-20 

2.41660-20  3.06580-19 

1.57760-19  -2.30560-19 

-3.80170-19  -1.35550-19 

1.19870-19  -8.57870-21 

-2.99980-20  -9.20590-20 

4.65460-20  1.30710-19 

4.32890-20  7.03570-20 

-2.98380-20  -5.65290-20 

-7.83310-19  -2.27800-19 

4.86370-19  8.21170-20 

6.26230-19  6J3770-19 

-4.32570-19  -5.12610-19 

-8.63120-20  -4.22560-19 

-1.89230-19  2.27330-19 

4.64830-22  1.20320-21 

9.32830-22  -6.40320-22 

-1.89020-22  -1.04860-21 

-1.22900-21  2.53130-22 

3.06180-22  -1.11730-21 

-1.26020-21  8.50590-22 

2.76080-21  -1.74410-23 

-1.51210-21  5.53110-22 

5.87440-23  2.64770-22 

-2.83410-22  -6.72690-22 

-1.00220-22  -2.81470-23 

2.56660-22  3.10550-22 


1.9002D-21  3.0324D-21 

-5.31160-22  -2.69420-22 

2.33020-21  -3.45990-22 

-1.32850-21  -4.76760-22 

-2.19730-21  -1.48540-21 

1.40490-21  3.42660-21 

3.58780-09  -5.39680-09 

-4.74860-09  -2.52970-09 

4.73270-09  -1.03090-08 

-8.79610-09  8.36100-09 

-1.45420-08  1.28640-08 

-7.91560-09  3.61400-09 

9.12670-09  -7.86110-09 

1.29360-08  1.13940-08 

-4.68450-09  8.85790-09 

3.85080-09  -8.80830-09 

1.46880-08  -8.55400-09 

6.5391I>-09  -8.13700-09 

3.87720-09  -1.09360-09 

-1.11220-09  -5.11190-09 

5.30690-10  -3.01980-08 

-5.00730-08  3.52350-08 

1.93170-09  2.85090-08 

4.70080-08  -2.95700-08 

6.69300-09  -3.95160-09 

-2.01280-09  -3.70180-09 

Columns  13  thru  18 

6.13080-19  -2.41010-19 

-3.22790-19  3.03920-20 

-4.30290-19  1.95150-19 

2.73820-19  -2.89610-19 

3.27060-19  -3.89290-19 

-4.94300-19  5.77570-19 

8.42790-19  -3.53500-19 

-4.90920-19  1.51640-19 

1.12990-19  -5.95360-20 

7.88800-20  -2.36600-19 

-1.23360-19  4.73290-20 

1.77240-19  -2.51620-19 

1.24430-18  -1.29500-18 

-1.47850-18  1.77890-18 

-6.98510-19  -2.30630-19 

1.65060-18  -8.35630-19 

-5.42690-19  1.16170-18 

2.11270-19  -1.18540-18 

-2.58400-21  1.28890-21 

6.42030-22  2.93320-22 


-2.23670-21  -1.15340-21 

5.12170-22  8.81580-22 

2.20840-21  -1.64220-22 

-6.95910-22  -2.28440-22 

3.36890-22  -3.95030-22 

-4.07620-22  1.55310-21 

-9.92880-11  4.29200-10 

2.61360-09  -1.26870-09 

4.32950-09  -8.79200-09 

2.07950-09  -4.22780-09 

1.49080-09  -4.95540-09 

1.10500-09  2.218204)9 

3.12480-09  -1.85920-10 

-2.58110-09  5.79920-09 

-6.75870-09  7.95220-09 

1.34670-09  3.89220-09 

-1.20050-09  4.75910-09 

-7.56350-09  -9.82070-09 

-2.54030-09  1.11820-09 

-7.53600-10  -4.62230-09 

6.35200-09  -2.44200-08 

1.19590-08  -1.85180-08 

-7.32060-09  2.60240-08 

-1.63170-08  2.42030-08 

-2.68020-09  3.08110-09 

1.29510-09  -5.88410-09 


5.77210-20  -3.42460-19 

-2.29150-19  3.07610-19 

-1.90280-19  3.90190-19 

5.76650-19  -7.28880-19 

-1.04790-19  1.77060-19 

-7.50290-20  7.87860-20 

2.58680-19  -6.63220-19 

5.19170-20  3.89500-19 

-7.30200-19  8.67360-19 

4.34880-19  -5.14230-19 

6.40770-19  -6.96510-19 

-6.76370-20  3.01380-20 

-1.03220-19  3.13940-19 

7.04520-19  -9.19010-19 

-1.72060-18  1.70610-18 

5.80680-19  -6.12750-19 

1.19350-18  -1.16970-18 

-9.66190-19  1.27450-18 

6.58530-23  9.21320-22 

8.00250-22  -1.09870-21 


2.97020-21  3.81000-22 

-2.07320-21  -1.02350-24 

-2.32630-21  -2.44730-21 

1.23500-21  1.82100-21 

6.78490-22  1.30630-21 

2.62170-22  -8.29290-22 

-7.61680-09  8.58600-09 

7.91570-09  -1.10590-08 

1.74190-08  -1.24280-08 

1.28030-08  -9.36210-09 

9.38560-09  -5.59590-09 

-2.32160-09  -2.26730-09 

7.78740-09  -1.17270-08 

-1.18510-08  9.22410-09 

-1.73120-08  1.63790-08 

-1.26820-08  5.16230-09 

6.02820-09  -9.60790-09 

1.09700-08  1.00750-08 

-4.17470-09  5.16240-09 

4.54590-09  7.95720-10 

4.21920-08  -1.87370-08 

5.38830-08  -4.87950-08 

-4.49070-08  2.11230-08 

-5.96970-08  5.23590-08 

-6.91310-09  6.41900-09 

8.87440-09  -3.81360-09 


5.99780-19  -8.77480-19 

-4.20490-19  1.02540-18 

-4.74050-19  6.55310-19 

5.88810-19  -1.11740-18 

-2.11660-19  3.85360-19 

-3.76500-20  -1.52130-19 

-2.08780-19  5.97630-19 

6.14140-19  -8.97470-19 

-5.12630-21  -4.79020-20 

1.71910-19  -1.32120-19 

-1.50060-19  7.21430-21 

3.79930-20  1.36000-19 

3.45030-19  3.21630-19 

-2.03210-19  5.74850-19 

-1.64300-18  1.51070-18 

1.29810-18  -2.20770-18 

6.13860-19  -1.54390-19 

-4.00340-19  4.31010-19 

-2.32400-21  3.55750-21 

1.52100-21  -3.59750-21 


B-25 


2.0562D-21 
•6.0861D-22 
-2.0520D-21 
3.3096D-2i 
-6.9940D-21 
5.5285D-21 
-1.7010D-22 
-3.9203D-22 
1.2569D-21 
-1.7408D-21 
-5.1308D-21 
6.933  lD-21 
1.1607D-21 
-6.7037D-21 
4.6698I>-21 
-2.1624D-21 
9.8106D-10 
-3.8130D-09 
5.6027D-09 
1.0633D-09 
•2.6030D-09 
1.24S2D-08 
1.3282IM)8 
3.8018D-09 
•6.2613D<09 
-6.3944D-09 
-1.1217D-08 
-1.2653D-08 
-1.3770D-09 
-2.3438D-09 
-2.8659D-08 
1.9918D-08 
2.8579D-08 
-1.4553D-08 
-4.3953D-09 
-2.1384D-09 


8.9652D-22 

-8,6653D-22 

-7.4695D-22 

8.8168D-22 

-1.1364D-21 

1.4175D-21 

-1.6750D-21 

1.1062D-21 

9.8261D-22 

-2.1650D-22 


-1.3641D-21 

9.7142D-22 

1.5677D-21 

-2.9763D-21 

3.5240D-21 

-2.4643D-21 

1.0025D-22 

1.0781D-21 

-1.2951D-21 

2.1209D-21 

5.9282D-21 

-8.4399D-21 

1.7854D-21 

4.4302D-21 

-6.9965D-21 

6.1823D-21 

-4.0074D-10 

3.9876D-09 

1.5973D-08 

-6.6816D-09 

1.5082D-08 

-1.U77D-08 

•8.6031EM)9 

-4.6960IM)9 

3,1037IX)9 

7.7715EM)9 

-5.8921D-09 

7.0713D-09 

-8.7484D-10 

6.1665D-09 

4.9996I>08 

-1.0255D-08 

■4.9367D-08 

-1.4941D-09 

2.1623D-09 

9.0708D-09 


1.5225D-21 

6.6789D-22 

-1.1654D-21 

1.8325D-21 

-2.1910D-21 

7.0685D-22 

-1.6670D-22 

^.34020-22 

3.4440D-22 


1.1305D-21 
-2.6577D-21 
-1.3022D-22 
1.1327D-21 
-1.9669D-21 
3.9599D-22 
3.0962D-21 
-1.4532D-21 
-1.7563D-21 
-7.4502D-22 
2.4929D-21 
-5.9789D-21 
8.1598D-21 
-2.6853D-21 
-7.8579D-21 
4.5736D-21 
-2.1472D-08 
-1.1571D-08 
-1.9370D-08 
-4.63690-09 
4.9026D-09 
5.8255D-09 
1.S488D-08 
7. 10790-09 
7.26960-09 
6.43230-09 
8.57840-09 
-6.91880-09 
-1.86080-09 
-6.14870-09 
-5.79730-08 
7.88120-09 
5.78760-08 
-234470-10 
5.08390-10 
-1.22070-08 


-4.04850-22 

8.22710-23 

5.36100-22 

-7.46910-22 

5.53180-23 

-1.41710-22 

2.49480-22 

1.88920-22 

-6.57890-22 

6.26890-23 


-1.80560-21 

3.16300-21 

5.02780-22 

-1.70760-21 

4.74130-21 

-3.48610-21 

-3.56900-21 

1.65730-21 

1.97310-21 

9.80430-22 

-3.69340-21 

6J2830-21 

-6.56450-21 

1.73850-21 

7.20240-21 

-5.71450-21 

1.69100-08 

1.28260-08 

1J0790-09 

-1.57510-09 

-6.44110-09 

-5.98980-09 

7.42870-09 

-1.29850-08 

4.65170-09 

-4.71260-09 

-2.41740-09 

8.47280-09 

-5.19010-11 

3.46450-09 

3.81810-08 

8.00410-09 

-3.81180-08 

-1.55900-08 

-2.59480-09 

6.53400-09 


5.19490-22 

-1.10890-21 

-8.41670-22 

1.10620-21 

-9.37780-22 

1.52710-21 

-1.27250-22 

-4.45040-22 

-1.63290-22 

-3.87590-22 


2.09460-21 

-2.38730-21 

1.61520-21 

-5.02620-22 

2.78840-21 

-4.24250-21 

5.04580-23 

-1.14600-21 

2.15140-21 

-1.09250-21 

-1.49470-22 

-4.03720-22 

7.25980-21 

-6.18920-21 

-1.73060-21 

1.03640-21 

-3.35300-09 

8.26920-09 

6.94190-09 

5.66420-09 

-7.27660-09 

-3.63320-09 

-1.12490-08 

-8.82960-09 

6.92900-09 

-3.16010-09 

3.92080-09 

-2.92440-09 

-1.39590-09 

-6.95480-10 

1.11250-08 

6.70060-09 

-1.11050-08 

-3.08180-09 

-1.56650-09 

3.10650-09 


7.66120-22 

1.84330-22 

-6.55650-22 

-4.75630-22 

-1.10210-21 

6.06560-22 

1.47800-21 

-9.78330-22 

-5.58140-22 

4.95820-23 


-3.18530-21 

4.28590-21 

-3.01790-21 

1.92070-21 

-5.79410-21 

6.86320-21 

6.57990-23 

1.26280-21 

-1.32290-21 

7.42840-23 

-3.15910-21 

-1.93040-21 

-6.23190-21 

1.17680-20 

-2.69680-21 

1.25270-21 

1.78520-08 

-7.48630-09 

-1.94610-09 

-3.65250-09 

4.8973CM)9 

5.31890-09 

-5.68040-09 

2.16720-09 

-6.04260-09 

2.18240-09 

1.70840-08 

-4.24920-09 

3.55770-09 

1.09110-09 

-1.31770-08 

-4.39710-08 

1.57710-08 

4.23190-08 

5.20760-09 

3.31610-10 


2.62380-22 

-1.19130-21 

-1.96670-22 

1.13460-21 

-8.99650-22 

9.27420-22 

-1.51800-21 

1.32820-21 

-7.67310-23 

8.50630-23 


Col\imns  19  thru  24 

-8.43480-22 


B-26 


-5.0544D-22 

2.1191D-22 

3.4131D-22 

-1.3773D-21 

1.2612D-21 

4.1964D-22 

-1.8897D-21 

1.7749D-21 

-2.8147D-24 

4.3445D-24 

2.4719D-24 

-4.7224D-24 

7.2749D-24 

-9.9273D-24 

1.7121D-23 

-1.3108D-23 

-4.3439D-24 

3.2908D-25 

2.8961D-24 

-7.9665D-25 

-2.1433D-24 

5.6941D-24 

-2.6743D-24 

-7.66940-24 

1.4298D-23 

-8.5233D-24 

1.8761D-11 

-6.8972D-12 

1.7899D-11 

3.6792D-11 

2.5783D-12 

-9.0554D-12 

-1.5231D-12 

-9.4602D-12 

-1.2145D-11 

-1.0272D-11 

-1.2118D-11 

8.2695D-12 

-7.1644D-12 

7.5441D-12 

5.5462D-11 

3.7768D-11 

-5.5110D-11 

-3.6245D-11 

-8.9482D-12 

1.0307D-11 


1.7765D-22 
1.0941D-22 
1.5148D-21 
-7.0291D-22 
7.5158D-22 
-4.9263D-22 
-1.1176D-21 
5.9539D-22 
2.20S6D-24 
-6.3953D-24 
-1.8857D-24 
5.2304D-24 
-8.5549D-24 
1.1255D-23 
-1.1016D-23 
7.7456I>-24 
1.8708D-24 
-4.9354D-25 
-1.6263D-24 
-5.7254D-25 
-8.3495D-24 
5.8730D-24 
-5.4340D-24 
5.1442D-24 
1.4684D-24 
-1.0589D-24 
-1.0998D-11 
-7.2336D-12 
-1.3188D-11 
3.8434D-11 
3.7960D-13 
-7.8804D-12 
2.5333D-11 
5.1708D-12 
6.6979D-12 
-1.0390D-11 
-5.351  lD-12 
-9.1200D-12 
-8.6658D-12 
-5.5880D-12 
-4.2737D-11 
4.3250D-11 
4.2360D-11 
^.47750-11 
-1.0265D-11 
-6.4833D-12 


4.06010-22 

-4.19390-22 

-4.59040-22 

6.40670-22 

-1.27160-21 

-4.41260-22 

1J1170-21 

-1.44400-21 

1.53300-24 

-3.98320-25 

-4.22490-24 

5.22810-24 

-2.69010-25 

1.19610-24 

-2.28600-24 

-3.95280-25 

2.58120-24 

-8.02690-25 

-1.55110-24 

2.54870-24 

1.33790-24 

-2.31700-24 

3.21570-24 

6.1792I>-24 

-9.98290-24 

6.86900-24 

1.01000-10 

7.99570-11 

-3.21730-11 

-4.32800-11 

5.60540-11 

-5.35820-11 

-1.10060-10 

-7.58740-11 

-5.04290-11 

1.06830-11 

-5.05990-11 

7.41620-11 

4.14300-12 

4.69790-11 

4.09290-10 

-5.56840-11 

-4.08850-10 

1.05920-11 

1.01300-11 

5.63660-11 


1.70720-22 

9.31260-24 

-2.33670-21 

1.60970-21 

-1.85370-21 

4.88110-22 

1.57910-21 

-1.10660-21 

-1.32050-24 

3.81770-24 

5.09210-24 

-6.16570-24 

2.89970-24 

-7.43380-24 

4.84590-24 

-4.80210-26 

1.00200-24 

1J1640-24 

-1.19410-25 

-8.68970-25 

1.42460-23 

-1.27790-23 

1.28830-23 

-5.22380-24 

-5.64510-24 

3.33710-24 

-1.09440-10 

-5.96530-11 

1.96450-11 

-4.53360-11 

-6.82230-11 

7.95300-11 

8.25630-11 

7.88040-11 

6.02520-11 

1.54500-11 

7.03210-11 

-7.91210-11 

1.24450-11 

-4.94670-11 

-4.33210-10 

-4.98460-11 

4.34320-10 

9.71820-11 

1.20020-11 

-6.53260-11 


6.14490-22 

-3.38010-22 

9.09810-22 

-7.08360-23 

-2.05530-21 

7.88810-22 

7.08440-22 

7.60300-22 

-1.71900-24 

5.90450-26 

1.02530-24 

9.90460-25 

2.34000-24 

-6.21520-25 

-7.48430-24 

5.45600-24 

2.054913-24 

7.64700-25 

^.16400-24 

1.84860-24 

-1.25120-24 

-133970-24 

7.00880-24 

-1.12520-24 

-5.16130-24 

-2.17730-24 

-4.08460-11 

-2.43340-11 

-4.48070-11 

2.61220-11 

4.17270-11 

9.27030-12 

3.70570-11 

5.80150-11 

4.25570-11 

-1.64480-11 

-2.28980-11 

-4.26410-11 

-8.24090-12 

-2.66800-11 

-2.04620-10 

1.28970-10 

1.96280-10 

-8.29290-11 

-1.79970-11 

-3.00850-11 


-2.97690-22 

3.49630-22 

-1.53830-21 

3.03790-22 

-2.53590-22 

5.53390-22 

1.92960-22 

-1.03700-21 

-6.86130-25 

4.66350-24 

1.65170-24 

-5.25370-24 

6.07550-24 

-6.49160-24 

1.42790-23 

-1.32160-23 

7.01040-25 

-1.53480-24 

3.99360-24 

-3.34100-24 

9.00270-24 

-3.35230-24 

1.41220-24 

-4.64020-24 

5.29770-24 

-1J9430-24 

2.74680-11 

-3.07190-11 

-3.13290-12 

-4.88140-11 

-7.45590-11 

-1.41730-11 

-2.36880-11 

6.19700-11 

8.47680-12 

9.95360-12 

7.35450-11 

2.23640-11 

2.50100-11 

^.12290-12 

-3.99660-11 

-2.81210-10 

5.66440-11 

2.60640-10 

4.56200-11 

-1.80700-11 


B-27 


Columns  25  thru  30 


-9.5255D-22 
4.9276D-23 
1.4290EV21 
-2.4805D-22 
4.4683D-22 
-2.9358D-23 
-2.1051D-21 
1.7150D-21 
5.0386D-22 
1.8526D-23 
9.6384D-23 
-2.26120-22 
7.8180D-22 
-4.0412D-22 
2.5 1330-21 
-1.83550-21 
-9.37680-22 
3.25470-22 
3.34720-24 
2.16960-25 
-7.25650-24 
2.55550-24 
1.84390-24 
-3.70750-24 
1.45790-23 
-1.29280-23 
-2.92680-24 
2.52500-25 
-2.32570-24 
3.79670-24 
-9.52070-24 
5.44850-24 
-1.06840-23 
7.02820-24 
4.35940-24 
-5.60310-25 
-2.98430-11 
4.41700-11 
-4.53450-11 
8.46890-11 
1.47660-10 
5.06500-11 
-5.54930-11 


-4.88210-22 

1.12380-21 

3.22820-22 

-8.47290-22 

4.42220-22 

-5.41610-22 

7.76990-23 

1.55070-22 

-7.84360-23 

3.34050-22 

-4.75330-22 

5.09140-22 

1.55640-21 

-2.07660-22 

-2.63760-23 

-2.06050-22 

-1,41210-21 

2.86580-21 

1.86260-24 

-4.14830-24 

-7.14430-25 

2.20630-24 

-2.13600-24 

3.16840-24 

-1.88530-24 

2.70750-25 

9.84800-25 

-1.14610-24 

3.42830-24 

-4.69090-24 

-6.06430-24 

-4.87140-25 

4.48080-24 

-1.69420-24 

5.03040-24 

-1.26410-23 

5,15500-11 

2.41350-11 

9.99030-11 

-7.04110-11 

-1.16470-10 

-3.93670-11 

2.93110-11 


7.34760-23 

-7.58000-22 

9.53700-23 

6.07640-22 

6.63580-23 

2.05980-22 

-5.64200-22 

1.45350-22 

1.69190-23 

-4.91900-23 

4.67620-24 

1.81580-23 

-1.62470-21 

5.40090-22 

1.44530-21 

-7.72850-22 

2.78260-22 

-6.01900-22 

-8.18390-25 

231150-24 

2.30690-25 

-1.55780-24 

3.96640-25 

-1.37470-24 

3.20010-24 

-1,71860-24 

1.58510-25 

-6.99540-26 

-1.12850-26 

-1.58270-26 

5,56750-24 

-8.65570-25 

-6.57100-24 

2.88020-24 

-9.02110-25 

1.32230-24 

1.82100-11 

-1.84170-11 

-3.26970-11 

-2.09240-11 

-1.45570-11 

-1.13520-11 

-3.45470-11 


-1.14630-21 

8.37020-22 

8.23300-22 

-3.18740-22 

6.92250-22 

-7.96690-22 

-9.38520-23 

1.68510-22 

-4.31300-22 

3.27340-22 

3.37330-22 

-1.92050-22 

-6.43360-22 

3.18650-22 

335840-22 

-5.27730-22 

-6.01440-22 

1.08860-21 

3.94700-24 

-3.26930-24 

-3.13230-24 

1.55740-24 

-1.97860-24 

2.98130-24 

-1.18380-24 

7.28100-26 

1.43010-24 

-1.49220-24 

-1.13650-24 

1.26690-24 

3.05150-24 

-2.36050-24 

1.58240-25 

437670-25 

5.39060-25 

-3.94270-24 

2.05260-12 

2.39290-11 

7.58230-11 

3.79760-11 

4.44130-11 

-2.30670-11 

330970-12 


3.64350-22 

8.07470-22 

-2.73210-22 

-9.98590-22 

-3.50610-23 

-5.80600-22 

1.13600-21 

-2.99820-22 

8.37150-24 

-7.45800-23 

-1.72830-22 

1.52690-22 

2.21030-21 

-1.54660-21 

-1.73240-21 

1.18930-21 

235280-22 

7.02330-22 

-1.41010-24 

-2.93750-24 

2.97280-25 

4.12250-24 

-9.19870-25 

4.48610-24 

-8.67130-24 

4.18210-24 

3.50870-25 

2.69210-25 

1.09370-24 

-131950-24 

-8.51970-24 

7.12940-24 

6.39860-24 

-3.39510-24 

-2.16810-24 

-1.92900-24 

6.21680-11 

-7.92790-11 

-1.71800-10 

-1.14810-10 

-8.72870-11 

2.15090-11 

-7.74720-11 


1.02020-21 

-3.76610-22 

-9.69340-22 

1.50050-22 

-8.42980-22 

7.51690-22 

1.55570-22 

9.85480-23 

2.66660-22 

-4.57130-22 

-1.84670-23 

9.0565E>-23 

3.85550-22 

-1.53240-23 

-1.87640-21 

1.55210-21 

1.11530-21 

-5.83680-22 

-3.20800-24 

1.77970-24 

4.16470-24 

-2.24910-24 

309420-24 

-3.40970-24 

2.01620-24 

-2.23850-24 

-8.83720-25 

2.72560-24 

-1.50660-24 

-1.36620-25 

5.67920-25 

-1.89280-24 

8.48480-24 

-6.68820-24 

-3.17570-24 

2,12820-24 

-9.39010-11 

8.10000-11 

1.23140-10 

9.06860-11 

5.29150-11 

2.25640-11 

1.16920-10 


B-28 


-7.9273D-11  -6.5800D-11 

3.2165D-11  -9.5308D-11 

-3.9923D-11  5.9179D-11 

-1.4437D-10  8.5269D-11 

-5.5897D-11  7.8097D-11 

-3.3905D-11  1.9376D-11 

-2.0889D-12  3.5604D-11 

8.2683D-12  2.9603D-10 

4.7013D-10  -3.1449D-10 

-3.3752D-11  -2.8046D-10 

-4.3495D-10  2.4573D-10 

-7.0245D-11  4.3260D-11 

1.6540D-11  3.8845D-11 

Columns  31  thru  36 

-1.8399D-21  8.1308D-22 

7.6847D-22  -5.3395D-23 

1.7193D-21  -1.1144D-21 

-1.1077D-21  1.2314D-21 

-8.9049D-22  1.0438D-21 

1.4778D-21  .1.6955D-21 

-2.6301D-21  1.2858D-21 

1J603D-21  -6.0519D-22 

-4.5366D.23  -9.8070D-23 

-3.4032D-22  7.5774D-22 

9.9736D-22  -8.8434D-22 

-1.3783D-21  1.6669D-21 

-2.2510D-21  2.4717D-21 

2.9386D-21  -3.8778D-21 

2.2399D-21  8.4420D-23 

-4.9243D-21  2.8759D-21 

1.9248D-21  -3.3537D-21 

-1.0575D-21  3.6909D-21 

7,9599D-24  -4.2276D-24 

-7.1958D-25  -1.3988D-24 

-1.0249D-23  8.6264D-24 

4.7033D-24  -6.4791D-24 

6.0245D-24  -4.6820D-24 

-1.0357D-23  9.5107D-24 

2.1262D-23  -1.1645D-23 

-1.6653D-23  7.9542D-24 

-1.6377D-24  2.001  lD-24 

2.0765D-24  -3.9861D-24 

-9.6762D-24  1.0513D-23 

1.2598D-23  -1.4516D-23 

4.5183D-24  -6.9147D-24 

-9.5168D-24  1.3878D-23 

-7.0779D-24  9.3098D-26 


2.0565D-11  -5.4289D-11 

4.8574D-11  -7.35490-11 

-1.0659D-12  -2.9629D-11 

8.24870-12  -2.94660-11 

3.64890-11  5.71230-11 

1.34430-11  -1.65050-11 

-5.21340-13  2.91270-11 

-3.53740-11  2.39600-10 

-1.21250-10  1.56850-10 

4.35280-11  -2.50310-10 

1.42180-10  -2.02990-10 

2.26770-11  -2.58870-11 

-8.91730-12  5.16850-11 


-1.60750-22  8.62290-22 

6.50560-22  -8.67090-22 

1.01430-21  -1.43200-21 

-2.10210-21  2.45660-21 

1.86570-22  -3.32320-22 

3.88140-22  -3.89670-22 

-6.11160-22  1.86160-21 
-3.06510-22  -1.09420-21 

2.30250-21  -2.65170-21 

-1.44670-21  1.68990-21 

-1.20020-21  1.25160-21 

-5.19410-22  6.59310-22 

9.89800-22  -1.60380-21 

-2.24490-21  3.09040-21 

6.07600-21  -5.65330-21 

-2.82830-21  2.58950-21 

-3.06050-21  2.87860-21 

1.81720-21  -2.79640-21 

-1.62760-25  -2.15470-24 

-1.92160-24  2.81240-24 

-7.78790-24  8.70980-24 

1.15640-23  -1.24300-23 

1.34070-24  -2.70650-24 

-4.74780-24  6.40100-24 

5.03740-24  -1.38510-23 

-2.26000-25  1.01580-23 

-1.09860-23  1.20760-23 

5.82070-24  -6.51600-24 

-1.09520-24  1.13140-24 

9.28530-24  -1.01260-23 

-1.42570-23  1.75260-23 

2.14320-23  -2.43480-23 

-3.28040-23  2.59330-23 


1.13810-10  -8,07810-11 

1.75670-10  -1.50170-10 

9.76790-11  -5.50600-11 

-2.73810-11  5.02720-11 

-6.06320-11  -5.32410-11 

4.89640-11  -4.34760-11 

-3.60900-11  5.36130-12 

-4.03360-10  1.56990-10 

-4.85490-10  4.59680-10 

4.29030-10  -1.81830-10 

5.55460-10  -4.97270-10 

7.25610-11  -6.93400-11 

-8.85720-11  3.97920-11 


-1.84210-21  2.71360-21 

1.21310-21  -2.73110-21 

1.69850-21  -2.25570-21 

-1.87780-21  3.16180-21 

6.31070-22  -1.20320-21 

2.66160-22  3.20940-22 

1.48110-22  -1.44890-21 

-1.48390-21  235160-21 

1.69800-22  -6.20800-23 

-6.62300-22  4.78690-22 

1.21300-21  -5.04590-22 

-8.84410-22  2.30420-22 

-2.41060-22  -1.35120-21 

7.05440-23  -1.37220-21 

4.67730-21  -».98540-21 

-3.79480-21  6.63010-21 

-1.57540-21  2.53840-22 

8.10180-22  -4.92060-22 

7.39020-24  -1.13710-23 

-3.99490-24  8.93510-24 

-8.68420-24  1.20570-23 

8.18820-24  -1.25610-23 

-4.29070-24  8.64810-24 

-5.21080-25  -3.84800-24 

-4.53140-24  1.45560-23 

1.02500-23  -1.93470-23 

-1.82590-24  1.62960-24 

5.05980-24  -4.79320-24 

-1.33%0-23  8.77340-24 

1.03980-23  -6.05550-24 

-5.78310-24  1.36040-23 

5.95640-24  2.26270-24 

-2.13820-23  2.31470-23 


B-29 


2.2261D-23 

-1.72580-23 

1.08920-23 

1.06870-10 

5.15060-11 

-9.34790-11 

-3.84730-11 

2.79880-11 

-9.29230-11 

-1.35290-10 

-5.07420-11 

4.34910-11 

5.28360-11 

-6.09300-12 

8.17220-11 

1.80960-11 

3.04490-11 

2.60060-10 

-2.13820-10 

-2.55400-10 

2.20760-10 

4.40720-11 

3.01520-11 


-1.69660-23 

2.24690-23 

-2.20240-23 

-1.38660-10 

-2.67020-11 

-5.16630-11 

2.64030-11 

-1.02720-10 

9.83000-11 

1.33100-10 

5.25910-11 

1.27290-11 

-4.75000-11 

1.11380-10 

-9.58030-11 

3.76070-13 

-6.47530-11 

-5.07620-10 

9.22070-11 

5.04740-10 

-4.93480-11 

-2.63250-11 

-8.16590-11 


1.66530-23 

1.84280-23 

-4.73900-24 

1.73270-10 

1.02740-10 

6.44000-11 

6.00260-12 

6.43420-11 

-4.35870-11 

-1.84470-10 

-9.65890-11 

-6.62140-11 

-3.58790-11 

-9.00380-11 

7.53370-11 

6.13820-12 

6.95030-11 

5.88110-10 

-3.09300-11 

-5.83920-10 

-1.98530-12 

-1.10160-11 

9.52440-11 


-1.17910-23 

-1.61370-23 

8.92770-24 

-1.15090-10 

-9.62290-11 

4.19840-11 

-1.35640-11 

-7.70730-11 

7.19230-11 

3.30390-11 

8.36090-11 

-1.06830-11 

3.55080-11 

7.40810-11 

-7.61640-11 

7.15640-12 

-3.80750-11 

-3.46940-10 

-1.18440-10 

3.46800-10 

1.2695O-10 

2.69420-11 

-6.24550-11 


1.86100-23 

2.27570-24 

1.05430-24 

3.54680-11 

-5.39130-11 

-7.49100-11 

-4.73900-11 

4.10680-11 

2.54370-11 

-4.89740-12 

4.16670-11 

5.11430-11 

4.41430-11 

-7.27010-11 

-9.41620-13 

1.06050-11 

8.17350-13 

-1.08030-10 

-4.55900-11 

1.08740-10 

7.59660-11 

1.75000-11 

-3.72000-11 


-3.63520-23 

9.99820-24 

-9.58320-24 

-1.17800-10 

6.10580-11 

7.51720-11 

4.09610-11 

8.37580-12 

-2.51310-11 

1.10550-10 

-4.78400-11 

-8.20900-11 

-8.30450-12 

-6.06350-11 

-1.16150-12 

-3.35110-11 

-3.88280-12 

1.22890-10 

3.74910-10 

-1.46140-10 

-4.11870-10 

-4.76250-11 

3.44790-11 


B-30 


Appendix  C:  Spice-4  Structure  Truth  and  Modal  Models:  Open  Loop  Bode  Response 
This  appendix  contains  Bode  plots  of  the  responses  in  the  X  and  Y  LOS  axis  to  the 
nine  disturbance  inputs  fcx-  each  of  the  modal  reduced  filters  (12-,  18-.  and  26-mode).  The 
truth  model  response  has  been  added  for  ease  of  comparison.  Notice  the  high  frequency 
inconsistencies  (large  dips  in  the  plots)  in  Figures  C-1,  C-2,  C-3,  C-10,  C-1 1,  C-12,  C-13, 
C-20,  C-21.  C-28.  C-29.  C-30,  C-31.  C-39,  C-43,  C-44.  C-48,  and  C-51. 


C-1 


C»in  (dB) 


Figure  C-3.  Truth  vs.  12-mode  Modal  Reduced  (Disturbance  3,  X  LOS) 


C-2 


Figiffc  C-6.  Truth  vs.  12-mo(le  Modal  Reduced  (Disturbance  6,  X  LOS) 


Frequency  (Hx) 
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Frequency  (Hx) 


Figure  C-9.  Truth  vs.  12-mode  Modal  Reduced  (Disturbance  9,  X  LOS) 


10 

Frwiueney  (Hs) 


Figure  C-12.  Truth  vs.  12-inode  Modal  Reduced  (Disturbance  3,  Y  LOS) 


Figure  C- 13.  Truth  vs.  12-mode  Modal  Reduced  (Disturbance  4,  Y  LOS) 
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Figure  C- 18.  Truth  vs.  12-mode  Modal  Reduced  (Disturbance  9,  Y  LOS) 
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10 

rr«qu«ney  (Hi) 


Figure  C-21.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  3,  X  LOS) 
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Figure  C*2S.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  7,  X  LOS) 


Hgure  C-26.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  8,  X  LOS) 


Figure  C-27.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  9,  X  LOS) 
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Hgure  C-28.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  1,  Y  LOS) 


H^e  C-29.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  2,  Y  LOS) 


Figure  C-30.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  3,  Y  LOS) 


C-11 


(dB)  Cain  (dB) 


Praquaney  (Hs) 


Figure  C-31.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  4,  Y  LOS) 


Hgure  C-32.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  5,  Y  LOS) 
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Figure  C-35.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  8,  Y  LOS) 


I  to  too 


Fra^uaney  (Hx) 

Figure  C-36.  Truth  vs.  18-mode  Modal  Reduced  (Disturbance  9,  Y  LOS) 
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Figure  C-37.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  1.  X  LOS) 


Figure  C-38.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  2,  X  LOS) 


Figure  C-39.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  3,  X  LOS) 


G*ln 


Figure  C-42.  Truth  vs.  26-niode  Modal  Reduced  (Disturbance  6,  X  LOS) 


Cain  (dB)  Cain  (dB)  Cain  (dB) 


Figure  C-46.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  1,  Y  LOS) 


Figure  C-47.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  2,  Y  LOS) 


Figure  C-48.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  3,  Y  LOS) 
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Figure  C-43.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  7,  X  LOS) 


Figure  C-44.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  8,  X  LOS) 


Figure  C-45.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  9,  X  LOS) 


C-16 


1 


100 


10 

Frequency  (Hx) 

Figure  C-49.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  4,  Y  LOS) 


Figure  C-5 1 .  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  6,  Y  LOS) 
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Figure  C-52.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  7,  Y  LOS) 
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Figure  C-53.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  8,  Y  LOS) 
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Figure  C-54.  Truth  vs.  26-mode  Modal  Reduced  (Disturbance  9,  Y  LOS) 
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Appendix  D:  26-Modai-Cost  Model 

This  ^>pendix  presents  the  various  matrices  associated  with  the  26-Mo<lal-Cost 
Model  as  described  in  Chiq)ter  3.  This  is  representative  of  the  open  loop  system.  Since 
the  only  order  reduction  involves  the  structure  portion  of  the  truth  model,  the  disturbance 
and  control  output  filter  matrices  ate  not  repeated.  The  individual  matrices  for  the 
reduced-order  structure  portion  are  briefly  described  below  (in  this  model  /i=26).  The 
subscript/ (i.e.,/f/rer)  indicates  that  these  matrices  correspond  to  a  reduced-order  model. 
Additionally,  several  matrices  (B^ ,  G^,  and  C^)  contain  relatively  large  blocks  of  zeros 
which  are  not  presented.  The  specific  format  of  these  matrices  is  shown  below  (e.g.,  the 
last  44  rows  of  are  zeros). 


Structure  (reference  Equations  (3.4)  and  (3.16)): 

•  (36+2n)-by-(36+2n)  constant  structure  plant  matrix 

•  B^  =  (364’2n)-by-36  constant  control  input  matrix 

'B 

_  ^‘(.U8*n)x3S) 

•  =  (36+2n)-by-9  constant  noise  input  matrix 

'G 

_  ^^‘{U8*n)x9) 

-  .  ((J6+2n)jt9) 

•  =  56-by-(36+2n)  constant  output  matrix 

_  ^^“(36xU8*h))  ^(36xa8+n)) 

“A  C 

^(20x{18*n)) 


Mode 

-<o  ^ 

« 

Mode 

1 

-5.84480-01 

-8.54040+02 

23 

-6.70630-01 

2 

-6.08740-01 

-9.26420+02 

24 

-9.40340-01 

3 

-6.09370-01 

-9.28340+02 

25 

-7.04860-01 

4 

-6.22160-01 

-9.67700+02 

26 

-1.82000+00 

5 

-6.22340-01 

-9.68260+02 

27 

-1.12610+00 

6 

-6.23040-01 

-9.70460+02 

28 

-7.48080-01 

7 

-6.25810-01 

-9.79080+02 

29 

-2.48790+00 

8 

-6.25890-01 

-9.79350+02 

30 

-1.15620+00 

9 

-6.26030-01 

-9.79770+02 

31 

-3.99830+00 

10 

-6.26240-01 

-9.80430+02 

32 

-4.03230+00 

11 

-6.26330-01 

-9.80730+02 

33 

-4.18510+00 

12 

-6.26990-01 

-9.82780+02 

34 

-4.33'  0+00 

13 

-6.27000-01 

-9.82830+02 

35 

-4.36«yO+00 

14 

-6.27060-01 

-9.83000+02 

36 

-4.38690+00 

15 

-6.27410-01 

-9.84110+02 

37 

-4.43130+00 

16 

-6.31970-01 

-9.98470+02 

38 

-4.51060+00 

17 

-6.33820-01 

-1.00430+03 

39 

-4.57480+00 

18 

-6.33830-01 

-1.00430+03 

40 

-4.63710+00 

19 

-4.43300-01 

-1.87410+03 

41 

-5.12770+00 

20 

-2.19550-01 

-2.40160+03 

42 

-5.59150+00 

21 

-2.32200-01 

-2.44080+03 

43 

-5.59380+00 

22 

-6.27400-01 

-9.61010+03 

44 

-6.30540+00 

B^  = 

Columns  1  thru  6 


2.08250-02 

-1.93800-02 

5.40880-03 

-4.8615003 

1.79010-02 

-7.96240-03 

-9.42900-03 

-3.76210-03 

-4.08960-03 

9.25510-03 

4.80650-03 

-4.11170-03 

6.71700-04 

-3.58650-04 

2.55880-03 

2.40550-03 

-5.32740-04 

3.91750-03 

-9.82860-04 

-8.80230-04 

-6.20290-04 

-2.17230-03 

-9.83360-04 

-3.75250-03 

-2.4147003 

-5.50480-04 

-6  87490-04 

-7.84230-04 

-1.23110-03 

-9.49000-04 

-8.26650-04 

7.10690-04 

1.14650-03 

-1.01450-03 

6.06540-04 

2.55840-04 

3.35900-04 

-9.14160-04 

-8.57330-04 

-1.01350-04 

1.01810-03 

1.01390-03 

-6.78560-04 

-7.9555004 

6.21800-04 

-2.81300-04 

3.22800-04 

-6.83990-05 

-7.95160-05 

3.84470-04 

-1.41950-04 

2.81070-04 

6.76690-05 

7.16930-05 

7.5526004 

-6.98340-05 

6.89630-05 

1.76530-04 

-1.69810-04 

-1.1638005 

-2.18150-06 

2.12490-06 

-3.6374005 

-2.9386005 

-4.31080-05 

3.21050-05 

-2.98900-05 

-1.2043004 

1.3778004 

8.1165005 

3.87290-05 

-3.83160-05 

-1.4322004 

1.4951004 

5.4485005 

-2.69550-04 

-2.76340-04 

-1.6335004 

-1.6301004 

-2.60800-04 

-2.02280-03 

4.29640-04 

-1.57110-04 

1.46850-04 

1.28490-03 

-2.19390-04 

2.00620-03 

-1.3831004 

1.5386004 

-1.8034003 

-<0  ^ 

-1.0325D+04 

-1.1418D+04 

-1.4769D+04 

-1.5540D+04 

-1.7147D+04 

-1.9192D+04 

-2.3012D+04 

-2.3146D+04 

•8.1S61D404 

.8.29540+04 

-8.93610+04 

-9.57730+04 

-9.73830+04 

-9.81870+04 

-1.00190+05 

-1.03800+05 

-1.06780+05 

-1.09710+05 

-1.34150+05 

-1.59510+05 

-1.59640+05 

-2.02850+05 


-1.50620-02 

-5.58080-04 

1.07260-02 

-5.84660-04 

1.05030-03 

-2.04010-03 

-2.06160-05 

4.55360-04 

-3.48550-04 

-3.96700-04 

9.10370-04 

-6.31350-06 

3.15600-05 

-8.49860-05 

-5.58250-05 

-2.88370-04 

-2.11480-03 

-7.20340-04 


D-2 


-5.7383D-02  5.1451EMX2 

3.5596IW)2  5.4591EM>2 

-3.3235D-02  1.5275D-02 

•4.8382IM)2  3.6968D^)2 

2.1924D-02  3.3992D-02 

-3.1502EM)2  -3.1249D-02 

4.8542D-03  3.9360D-03 

.3.4610D-02  .3.7056EM)2 

2.4742D-02  -7.0010D-03 

1.9822D-02  2.5229EMX2 

3.0427D-02  3.4769D-02 

1.1445r)-02  3.7294D-03 

-1.9869D-02  7.9912IM)3 

1.5954D-03  1.6713D-02 

2.1872EM)2  .2.1572D-02 

-1.0603D-02  -1.3239D-02 

-1.0172D-03  7.7044D-03 

3.7932D-03  7.4290D-04 

-3.5114D-04  1.1647D-03 

-1.2400D-03  2.2107D-03 

2.7054D-03  2.2760D-03 

-1.7086D-03  -4.1469D-03 

5.4021EM)3  5.2195D-03 

.1.0518EM)3  7.2521EM)4 

3.8115D-05  ^.7317IW)4 

-7.5946D-04  -1.1258D-03 

Columns  7  thru  12 

4.9201D-03  -3.8118D-03 

2.6861D-03  1.1287D-03 

2,2043D-03  3.6813D-03 

-1.2176D-03  -7.5855D-04 

-2.8657D-03  1.3455D-03 

-1.1559D-03  -2.8596EM)3 

1.1768I>-04  8.6878D-04 

1.0808D-03  ^.0698D-04 

-3.5522D-04  3.0468D-04 

-3.7277D-04  -1.3131D-04 

-8.6180D-04  -9.1350D-04 

8.7743I>-05  -2.6812D-05 

9.3909D-05  -2.4455D-05 

-2.3772D-04  2.7665D-04 

-1.9699IW)4  2.1238D-04 

-1.9282D-04  -1.9296D-04 

2.6394D-04  -2.7531D-04 

-9.2309rM)5  5.5113IM)5 

-1.5479D-02  1.0920D-02 


-1.7732D-02  1.5406D-02 

1.6685D-02  2.2033D-02 

-9.8121IW)3  2.05250-03 

-8.07280-02  6.49030-02 

3.51000-02  5.94810-02 

-5.01130-02  -5.24410-02 

4.94790-02  -3.70480-02 

-4.48080-02  -5.14920-02 

-2.94580-03  1.55100-02 

-3.77350-04  1.71940-03 

-3.15040-02  -4.97410-02 

-4.14950-02  2.35460-02 

-5.85180-03  1.89940-02 

-1.45920-02  -4.57090-03 

4.82360-02  -4.97750-02 

1.87100-02  7.367913-03 

-9.04400-04  -6.61800-03 

-8.71990-03  2.67350-03 

-4.00100-04  -2.43510-03 

-2.12720-02  2.03940-02 

-4.19600-03  -1.92480-03 

5.02550-04  5.61210-03 

-6.51510-03  -6.13920-03 

3.75950-04  5.13260-05 

4.0708D-04  5.2616IM)4 

-8.61590-05  8.03190-04 


1.53410-02  -1.99220-02 

-8.81180-04  8.39280-03 

-1.07940-02  -3.42140-03 

-3.16090-04  2.65990-03 

1.15570-03  -4.07990-04 

-1.94890-03  -7.22510-04 

1.18750-04  -6.35260-04 

4.24110-04  -2.76760-04 

-2.85500-04  7.13590-04 

-9.27810-04  -7.84340-04 

5.24370-04  -7.85440-05 

-1.10600-05  2.14600-05 

6.26680-05  -5.9120I>05 

6.49870-05  -5.60530-05 

5.18670-05  -4.63250-05 

-2.92530-04  -2.53000-04 

8.98170-04  1.61780-03 

1.98330-03  -1.43590-03 

-3.61830-02  5.44600-02 


-4.63130-02  3.50420-02 

-5.73280-02  -1.83250-03 

1.0854CM)3  -6.66320-02 

2.73530-02  -1.93100-03 

4.01280-02  -3.52710-02 

-1.90970-02  -3.47920-02 

1.50190-02  -1.44050-02 

5.18770-03  2.06720-02 

-3.88960-02  -2.66790-02 

3.98810-02  4.20770-02 

-9.81800-03  -1.81540-02 

1.51480-02  1.24470-02 

5.42740-03  -1.73670-02 

-2.40810-02  -8.47550-03 

5.10020-04  -8.18870-03 

1.02520-02  -3.22050-03 

-1.94260-02  -1.39940-02 

2.17880-03  -2.78230-03 

-1.61830-02  2.35120-02 

6.55390-03  1.11910-03 

-2.24500-03  -9.07020-03 

-1.72500-02  2.08180-02 

5.96180-03  5.88320-03 

5.64120-04  -3.57340-04 

5.59330-04  -3.04140-04 

-1.04270-03  -7.41500-04 


3.71680-03  -5.51750-03 

9.83140-04  2.34110-03 

-3.81920-03  -2.50980-03 

-4.60710-04  3.40830-03 

1.63160-03  -3.15260-04 

-3.07090-03  -8.52770-04 

-8.21100-04  -9.27930-05 

-4.15860-04  1.24280-03 

1.24310-04  -5.52120-04 

9.92830-04  8.27610-04 

-8.07220-05  1.20270-05 

4.81460-05  -1.08350-04 

-1.18550-04  1.41330-04 

-2.32740-04  1.73580-04 

-1.94840-04  1.71990-04 

-1.83820-04  -1.84250-04 

-1.93060-05  5.14700-05 

2.58340-04  -2.52790-04 

-1.07080-02  1.80880-02 


D-3 


-2.0904D-02  -4.79520-03 

-4.0749D-03  -2.4557D-02 

3.5939D-02  -7.0070D-04 

5.3015D-02  -4.9947D-02 

-2.6130D-02  -5.7 1740-02 

5.463804)2  -5.19530-02 

4.67660-02  5.88770-03 

-4.98680-02  -5.85600-02 

3.12400-02  3.29680-02 

5.80530-02  -5.34420-04 

-1.96170-03  -6.49510-02 

2.36360-03  8.50260-03 

1.66400-02  1.66390-02 

-3.18110-05  6.77670-03 

-7.71130-03  4.76320-04 

1.07160-02  2.47380-02 

1.26010-03  2.03760-03 

-2.58010-02  1.94500-02 

-3.91840-03  -6.02080-03 

6.76800-03  5.36400-03 

-5.21540-02  4.94770-02 

-9.21030-03  -8.37510-03 

-6.07690-04  1.59690-03 

-1.86990-03  3.32720-04 

1.32730-03  1.15940-03 

Columns  13  thru  18 

-1.70120-03  -9.32600-05 

-3.84290-04  -5.584504)3 

-6.178204)3  -2.95940-03 

-5.52920-04  -5.168104)4 

-2.586804)4  6.799504)4 

4.19300-04  1.055704)4 

1.634604)4  3.237904)4 

2.422604)4  -2.180704)5 

-1.317604)4  -2.141404)5 

-4.026104)5  -1.907204)5 

-5.94090-05  -7.226404)5 

-1.655004)5  -4.38940-04 

-5.51680-04  1.532604)4 

3.88510-04  -4.928104)4 

-1.255004)4  1.138604)4 

-1.948504)3  -1.930504)3 

-2.646604)3  8.941804)4 

-2.16010-03  -3.3199EM)3 

4.967504)3  4.114204)4 

5.336504)3  2.25220-02 


1.84680-02  -4.66230-02 

6.312604)2  2.023204)2 

9.804704)3  -3.90050-02 

-3.52640-02  3.089404)2 

-3  980904)2  -1.90070-02 

4.61540-03  -1.28250-02 

3.27760-02  1.40010-02 

2.789004)2  4.43930-02 

3.30920-02  2.355304)2 

-8.960204)3  -5.073204)3 

-2.51941>4)2  -2.20100-02 

1.341004)2  1.61000-02 

1.205704)2  -1.503904)2 

6.100504)3  -3.44480-04 

1.356604)2  1.055204)2 

1.402404)2  6.59630-03 

2.123504)2  -2.672004)2 

-5.40750-03  -1.489604)3 

-2.99350-03  -5.04480-03 

-9.434204)3  1.38480-02 

1.17550-03  3.117004)3 

5.664704)3  5.50190-03 

2.837004)4  -5.57770-05 

-5.97620-04  8.25940-04 

-4.34200-04  -1.18940-03 


1.00020-03  1.71860-03 

-5.235804)3  3.28310-04 

3.433704)3  6.18180-03 

-3.139804)4  4.52660-04 

7.93270-04  3.11710-04 

7.12480-05  4.21650-04 

-3.29640-04  -1.76930-04 

-9.662604)6  2.31240-04 

-6.94060-05  -1.50840-04 

6.088604)5  1.78650-05 

1.259304)5  2.24270-07 

3.48860-04  2.04420-04 

4.05310-04  -6.01810-04 

4.177004)4  -2.37690-04 

-1.205504)4  1.384004)4 

-1.93100-03  -1.95010-03 

3.201104)3  2.42370-03 

-1.24330-03  2.40350-03 

-3.262404)3  -5.03110-03 

1.731704)2  -4.79150-03 


3.012104)3  -1.52090-02 

2.46290-02  1.15890-02 

1.181504)2  -5.28620-02 

-5.52050-02  4.454604)2 

-7.02040-02  -2.276104)2 

3.646104)2  -6.73660-02 

3.758404)2  4.902304)2 

5.03250-02  4.06950-02 

1.202304)2  1.884204)2 

-2.553104)2  4.805704)2 

5.404604)2  2.58520-02 

-1.270304)2  -1.792604)2 

1.93140-03  4.99990-04 

-2.93210-03  -8.50540-04 

-2.180904)3  -2.359904)2 

-1.05230-02  -1.18440-02 

3.875304)2  -3.444604)2 

9.33530-03  -1.648204)4 

6.66000-05  9.722404)3 

-4.261004)2  3.824504)2 

-5.52030-03  4.70520-04 

-7.39720-03  -8.45510-03 

-7.22050-04  -8.376704)4 

7.95990-04  -1.416104)3 

4.62740-04  1.582004)3 


4.342404)5  -9.503804)4 

5.652304)3  5.33400-03 

2.84270-03  -3.277304)3 

5.063804)4  -2.794404)4 

-9.130104)5  -5.35760-04 

4.87220-04  4.46750-04 

1.033904)4  -1.067204)4 

-2.939204)4  -3.05200-04 

8.913304)5  8.525304)5 

4.877104)5  6.28760-05 

-2.66340-05  -8.28930-06 

-6.324204)4  5.34870-04 

2.23970-04  3.67300-04 

1.33200-04  -2.096604)4 

-1.50120-04  1.43220-04 

-1.96530-03  -1.96470-03 

-5.08380-04  -3.28280-03 

3.35760-03  8.66190-04 

-1.878304)4  3.07140-03 

-2.26600-02  -1.78810-02 


D-4 


2.2858D-02  8.0833D-03 

-1.3726D-02  -1.50070-02 

7.6959D-03  4.0665D-03 

3.2595D-03  2.8205D-03 

-6.6266D-03  -2.34300-03 

9.86360-03  1.12900-02 

-2.44870-02  -2.51930-02 

4.57150-04  -2.27260-04 

-2.10080-02  -1.67000-02 

1.64010-02  2.20810-02 

1.56690-02  -2.30070-02 

-3.29000-02  -1.45090-02 

-1.28630-02  2.09930-03 

2.19830-02  -2.73780-02 

1.95450-02  9.38870-04 

-1.81610-02  2.48340-02 

4.71430-03  -4.23840-03 

-2.61580-02  3.08400-02 

-2.25800-02  1.62280-02 

-8.37850-03  7.18150-03 

-6.28740-03  -1.15460-02 

-5.80000-03  2.32930-02 

-2.33950-02  4.67130-03 

-4.98490-03  4.38600-03 

Columns  19  thru  24 

1.56030-01  -1.45200-01 

-1.32640-01  -1.57070-01 

8.27400-02  -7.07800-02 

1.32490-01  -2.93420-02 

-3.528613-02  -1.23570-01 

-3.58550-02  -4.47790-02 

-1.25130-01  1.07580-01 

4.03960-02  5.30380-02 

1.72390-01  1.71690-01 

-5.37260-02  6.16520-02 

-2.87920-02  5.70110-02 

-2.44510-02  2.41460-02 

-7.77830-04  7.576304)4 

1.22120-02  -1.13690-02 

2.57330-02  -2.54580-02 

2.06250-02  2.11450-02 

1.06410-01  -2.26020-02 

1.15320-02  -1.05460-01 

6.36530-02  -5.70730-02 

-2.47760-02  -3.79980-02 

2.25090-02  -1.03450-02 


-1.60790-02  -2.29400-02 

1.34110-02  1.13800-02 

8.321404)3  1.09590-02 

4.37760-04  3.28620-04 

3.514704)5  5.449104)3 

1.790404)2  1.78900-02 

1.89370-02  1.838504)2 

-9.562904)3  -8.36520-03 

-4.07950-03  -1.033204)2 

-2.736904)2  -2.39540-02 

2.129504)2  2.48600-02 

1.55070-02  -2.55400-02 

5.010404)3  1.029804)2 

-2.787804)2  1.312004)2 

1.70050-02  -3.03710-02 

-4.426304)3  7.605604)3 

1.872404)2  -1.702904)2 

-3.06290-02  2.404304)2 

-5.379304)3  5.025304)3 

-1.547904)2  2.33830-02 

-9.76700-03  -7.47070-03 

-1.859904)2  -6.605804)3 

1.629904)2  -2.30740-02 

6.258104)3  -6.338504)3 


4.052404)2  -3.64240-02 

-6.26690-02  -6.812504)2 

1.156304)2  -6.174004)3 

2.157704)1  -5.413404)2 

-5.593904)2  -2.13460-01 

-5.108104)2  -8.019004)2 

1.735404)1  -1.535604)1 

-1.443404)1  -1.353704)1 

-1.14900-01  -1.347104)1 

-1.306404)2  -1.518704)2 

1.372604)2  1.45420-02 

6.18090-02  -5.94570-02 

-1.297004)2  -1.04780-02 

•4.580804)2  5.24060-02 

-9.516004)2  9.933704)2 

1.249904)2  1.247304)2 

8.265004)3  -7.725604)3 

7.270304)3  -8.08770-03 

1.96690-02  -1.708904)2 

-1.16140-02  -1.53360-02 

6.64540-03  -1.39010-03 


-7.330804)3  1.52940-02 

6.8362I>4)4  2.416504)3 

-1.355504)2  -1.335304)2 

-1.177704)2  -1.190104)2 

-3.452604)3  3.28300-03 

-2.204404)2  -2.14340-02 

4.053604)5  1.162804)3 

-1.20970-02  -1.324404)2 

2.49350-02  2.71860-02 

9.842104)3  3.35970-03 

-1.993504)2  5.89400-03 

-7.955004)4  1.97310-02 

-9.122004)3  5.400704)3 

-2.274104)3  2.146704)2 

-2.717104)2  1.864704)2 

-2.035504)2  1.473204)2 

2.65710-02  -2.21610-02 

-6.522704)3  8.22160-03 

-2.229604)2  2.98620-02 

-2.02250-02  1.24440-02 

-6.81030-03  -1.09630-02 

2.429704)2  -1.65360-02 

6.76830-03  1.880404)2 

-4.66690-03  -5.497104)3 


1.341204)1  -1.12850-01 

1.541704)1  -9.296504)3 

4.404804)2  1.84640-01 

-4.848104)2  -3.22020-02 

-1.373604)1  5.97460-02 

-6.181304)2  -1.32880-01 

9.18130-02  -3.12060-03 

-1.600304)2  7.190104)2 

1.052904)1  -5.90180-02 

7.343204)2  -7.57680-02 

1.531904)1  1.846604)1 

-4.07470-03  -2.21060-03 

-1.53710-02  1.125304)2 

3.08730-02  -3.23260-02 

3.62020-02  -3.709204)2 

1.995504)2  2.20650-02 

-6.75940-02  1.11250-01 

9.47930-02  3.78640-02 

5.13730-02  -3.887004)2 

3.99030-02  1.27550-03 

-7.35100-04  4.512804)2 


D-5 


S.S290D-03  -4.2246D-03 

.2.3137D-03  -3.5873D-03 

2.9761D-03  2.9522D-03 

-3.4710IW)4  -2.8144D^ 

2.3437EM)3  2.5094D-03 

-1.3089D-03  4.269SIM)4 

-1.0731D-03  -1.3657CM)3 

-1.3614D-03  -1.5557D-03 

-5.0904D-04  -1.6587D-04 

2.4303D-04  -9.7747D-05 

-1.9183D-05  -2.0096D-04 

-2.4392D-04  2.4058D-04 

1.1025D-04  1.3766D-04 

1.0400D-05  -7.8772D-05 

-3.8461D-05  -7.5327D-06 

3.4887IW)6  -1.1572D-05 

1.1886D-0S  -2.1191D-05 

-2.5203I>^  -2.1204D-05 

1.5489D-05  3.7594D-05 

-3.9983D-05  -3.8632D-05 

6.5394D-06  -4.5087D-06 

-2.3677D-07  2.9394D-06 

3.7081D-06  S.4969D-06 

G)lumns  25  thru  30 

3.6863D-02  -2.85600-02 

4.474SD-02  1. 88020-02 
3.79450-02  6.33700-02 

-6.70650-02  -4.17790-02 

-1.63020-01  7.654204)2 

-7.52880-02  -1.86260-01 

1.78130-02  1.31510-01 

1.70650-01  -6.42610-02 

-6.01470-02  5.15900-02 

-7.11960-02  -2.50800-02 

-1.74810-01  -1.85290-01 

3.07220-02  -9.38770-03 

3.34840-02  -8.71940-03 

-9.04210-02  1.05230-01 

-1.30890-01  1.41110-01 

1.47540-02  1.47650-02 

-1.38850-02  1.44830-02 

4.85220-03  -2.89700-03 

1.71700-02  -1.21130-02 

1.45500-02  3.33770-03 

2.75980-03  1.66320-02 

-4.10710-03  8.00750-05 


9.22550-03  -7.41700-03 

-3.70420-03  -6.27730-03 

4.73430-03  4.95420-03 

-3.53800-03  2.64910-03 

3.03430-03  3.48700-03 

1.79650-04  -9.45850-04 

2.04280-05  -9.30830-05 

1.40960-03  2.22570-03 

1.84550-03  -1.04720-03 

7.15780-05  -2.32330-04 

1.75460-04  5.4%lO-05 

-5.37940-04  5.55100-04 

-1.94540-04  -7.66100-05 

924680-06  6.76640-05 

8.84160-05  -2.710804)5 

3.97520-06  2.41940-05 

2.03910-04  -1.95500-04 

3.90900-05  1.79320-05 

-4.55580-06  -5.08760-05 

4.82210-05  4.543904)5 

-2.33740-06  -3.19120-07 

-2.528804)6  -3.26850-06 

4.20670-07  -3.92160-06 


1.149404)1  -1.49260-01 

-1.467904)2  1.398104)1 

-1.85820-01  -5.889704)2 

-1.740904)2  1.46500-01 

6.57450-02  -2.32090-02 

-1.269404)1  -4.70610-02 

1.797604)2  -9.61600-02 

6.69660-02  4.369904)2 

-4.83430-02  1.20830-01 

-1.772104)1  -1.49800-01 

1.06360-01  -1.593204)2 

-3.87260-03  7.51390-03 

2.23450-02  -2.10800-02 

2.47190-02  -2.13210-02 

3.446204)2  -3.078004)2 

2.238304)2  1.93590-02 

-4.72500-02  -8.51070-02 

-1,04250-01  7.547804)2 

4.01360-02  -6.041004)2 

-1.28550-02  3.24520-02 

-4.275304)2  -1.370304)2 

-1.120504)3  4.457404)3 


-3.12580-03  2.206804)4 

-4.234904)3  3.722304)3 

1.804104)3  3.28690-03 

-1.07390-03  1.030004)3 

-3.51300-04  -1.399904)3 

2.37210-03  1.627004)3 

-2.15900-03  -2.27790-03 

4.393004)4  8.12290-04 

-6.73720-04  -5.535904)4 

-6.638704)5  2.124304)4 

2.89550-04  1.019104)4 

-5.687904)6  9.13220-05 

-1.066004)4  3.34860-05 

1.986204)4  1.43080-04 

-2.209204)5  2.821104)5 

1.60790-04  -2.336004)4 

-6.282404)5  -1.072704)5 

2.091504)5  8.44980-05 

1.563804)4  -1.887204)4 

-4.412604)5  -4.354404)5 

-3.50720-06  2.221804)6 

-3.47460-06  1.88940-06 

5.090704)6  3.62030-06 


2.78470-02  -4.13390-02 

1.63770-02  3.89980-02 

-6.57450-02  -4.32050-02 

-2.537504)2  1.87720-01 

9.28130-02  -1.793404)2 

-2.000204)1  -5.55450-02 

-1.24290-01  -1.40460-02 

-6.566404)2  1.96230-01 

2.104904)2  -9.34880-02 

1.89620-01  1.58070-01 

-1.637304)2  2.439404)3 

1.68570-02  -3.79370-02 

-4.22710-02  5.039004)2 

-8.85290-02  6.602304)2 

-1.29450-01  1.14280-01 

1.40650-02  1.409804)2 

1.01560-03  -2.70770-03 

-1.35790-02  1.32880-02 

1.18780-02  -2.00640-02 

-2.09660-03  1.05860-02 

-1.66800-02  -7.848904)3 

-1.35030-03  6.04100-03 


-5.5948D-03  5.27UD-03 

2.4686D-03  5.4013£M)3 

-3.9069D-03  3.7149D-03 

-3.1669D-03  -3.9870D-04 

3.041  lD-03  3.5713D-03 

-1.6912D-03  •1.7848D-03 

-2.5976D-03  2.3913IW)5 

8.7247I>-05  2.8888D-03 

-2.8911D-03  •1.0400D-04 

-2.0007D-04  -2.0007D-04 

3.5479D-07  -7.5576D-05 

8.0180D-05  -4.9527D-06 

-1.0956D-04  -2.5293D-04 

-1.2777D-05  -2.0660D-05 

2.5634D-04  -1.9324IM)4 

3.7561D-05  5.7714D-05 

-6.3051D-05  -4.9971D4)5 

4.7280D-04  •4.4853D-04 

6.8169D-0S  6.1987D-0S 

3.7781D-06  -9.9282D-06 

1.1616£M)S  -2.0669D-06 

-6.4806D-06  -S.6608D-06 

Columns  31  thru  36 

.1.2746D-02  -6.9874D-04 

-6.4015D-03  -9.3027IW)2 

-1.0635D-01  -5.0943D-02 

-3.0454D-02  -2.8465IW12 

-1.4715D-02  3.8679D-02 

2.731  lD-02  6.8763D-03 
2.4743D-02  4.9012D-02 

3.8253D-02  -3.4432D-03 

-2.2310D-02  -3.6259D-03 

-7.68%IW)3  -3.6426D-03 

-1.2050D-02  -1.4658D-02 

-5.7948D-03  -1.5369D-01 

-1.9670D-01  5.4645D-02 

1.4778D-01  -1.8745D-01 

-8.3387D-02  7.5656D-02 

1.4909D-01  1.4771D-01 

1.3923D-01  -4.7040D-02 

1.1354D-01  1.7451D-01 

-5.5103D-03  -4.5638D-04 

.3.7145D-03  -1.5676D-02 

-1.5481D-02  -5.4746D-03 

1.5686D-03  1.7150D-03 

-8.1218D-04  -4.2915D-04 


3.7216D-03  -3.26030-03 

3.7608D-03  1.7956D-03 

-3.3002D-04  9. 17060-04 

-2.21960-03  -9.48130-04 

-1.70080-03  -2.70730-03 

-1.79150-03  -1.27510-03 

4.00930-04  2.2700EM)4 

1.12050-03  9.78930-04 

-1.64030-04  -1.9693[>4)4 

-1.44980-04  1.80830-04 

-6.80340-05  3.84170-06 

-1.41060-04  -1.09720-04 

-1.43380-04  -6.74420-05 

-2.15320-04  2.70930-04 

5.37260-05  1.48000-05 

2.86950-05  4.83590-05 

8.78890-05  -1.29010-04 

-1.06560-05  -2.82570-05 

-4.19270-05  -4.07220-05 

-1.76380-06  3.46810-07 

3.71240-06  -5.13070-06 

2.12000-06  5.80730-06 


7.49380-03  1.28770-02 

-8.72180-02  5.46890-03 

5.91080-02  1.06420-01 

-1.72930-02  2.49320-02 

4.51260-02  1.77320-02 

4.64080-03  2.74640-02 

-4.98980412  -2.67820-02 

-1.52570413  3.65130412 

-1.17520412  -2.55400-02 

1.16290-02  3.41210-03 

2.55440413  4.54900-05 

1.22150411  7.15740-02 

1.44520411  -2.14580411 

1.58880-01  -9.04110-02 

-8.00980412  9.19610-02 

1.47750-01  1.49210411 

-1.68400-01  -1.27510-01 

6.53540-02  -1.26340-01 

3.61890-03  5.58080-03 

-1.20530-02  3.33510-03 

1.08900-02  1.55370412 

-1.53260413  -1.30050-03 

-8.78180414  -1.15650-03 


5.82600-03  -4.70120413 

6.63230413  2.15030413 

-2.60710413  4.81700413 

-2.54510413  -3.31970-03 

-3.06910413  -2.48180-03 

-6.50870414  -1.02000-03 

1.14240413  -2.15030-03 

-2.40380-03  -1.149804)3 

1.55380-04  2.19270-04 

-2.32230415  -6.01180-06 

3.27000-05  9.48540-06 

2.26770415  2.453804)4 

1.07590414  1.21090414 

-3.92940-04  3.49270-04 

-9.27500-05  1.63750416 

-6.38460417  -9.31970-05 

3.96950414  -3.562904)4 

5.00440-05  -4.26540416 

5.47500-05  6.25800-05 

4.489004)6  5.2079I>4)6 

-4.94470-06  8.79660416 

-2.25930-06  -7.72410416 


3.25350-04  -7.12050-03 

9.41570-02  8.88540-02 

4.89360-02  -5.641604)2 

2.789004)2  -1.539104)2 

-5.19380-03  -3.04770412 

3.17350-02  2.90990-02 

1.56500412  -1.61550-02 

-4.64090412  -4.81910-02 

1.5093EM12  1.44360-02 

9.31490413  1.20090-02 

-5.40240413  -1.68140-03 

-2.21430411  1.87270-01 

7.98580412  1.309604)1 

5.06660-02  -7.97500-02 

-9.97450-02  9.51590-02 

1.50370-01  1.50330-01 

2.67440412  1.72700-01 

-1.76490-01  -4.55310412 

2.08350-04  -3.40700-03 

1.57720-02  1.24460-02 

4.96500-03  -1.03580-02 

-7.81240-05  -2.76160-04 

1.43050-03  1.40920-03 


D-7 


-3.0793D4)4  -2.6645D-04 

4.7384D-04  1.6733D-04 

-6.6795D-04  -7.6451D-04 

1.4933D-03  l.5364rW)3 

-2.4748D-05  1.2303EM)5 

9.4000D-04  7.4724D4)4 

-7.2943D-04  -9.8206D-04 

•1.9166D-04  2.8142D-04 

3.9559IW)4  1.7446D-04 

1.4345D4)4  -2.3412rW)5 

-2.2857D-04  2.8468D-04 

-1.9983D-04  -9.5992D-06 

1.8414D-04  -2.5181D-04 

-4,6838D-05  4.2110D-05 

2.5074D-04  -2.9563D-04 

2.1036D-04  -1.5118D-04 

7.5954D-05  -6.5103I>05 

4.65350-05  8.5456D-05 

3.6059D-05  -1.4482D-04 

1.45330-04  -2.90180-05 

2.43390-05  -2.14140-05 

Columns  1  thru  6 

-1.82800-02  -1.55370-02 

-3.30360-04  4.32290-04 

1.80500-03  9.31500-04 

1.51370-03  6.10150-04 

8.48100-04  -7.52460-04 

1.33350-04  6.36300-04 

8.48990-04  2.42830-05 

-5.71040-05  9.60070-04 

1.13600-04  -2.29330-04 

-3.22850-04  -5.36400-05 

-2.62720-04  -1.26390-04 

-1.31690-04  1.32350-04 

-6.61430-05  -2.10020-04 

-2.22020-04  -1.92040-04 

-2.15630-04  -2.59240-04 

-3.50580-08  -5.60820-05 

5.58510-03  -5.00890-03 

5.03450-03  5.57090-03 

5.22960-02  4.10930-02 

5.27990-03  1.73930-02 

4.83030^3  -1.28000-02 

-2.26750-02  -6.72050-03 


-4.13560-05  -3.10460-05 

-2.51320-06  -3.89640-04 

-1.21240-03  -1.21150-03 

-1.15490-03  -1.12120-03 

5.17690-04  4.52850-04 

1.82540-04  4.62320-04 

1.21730-03  1.06540-03 

-2.60480-04  -3.04080-04 

-1.86460-04  3.07090-04 

-5.58780-05  -1.14850-04 

2.89870-04  -1.36420-04 

-1.73860-04  3.10530-04 

4.48810-05  -7.71180-05 

-1.86030-04  1.69190-04 

2.93610-04  -2.30480-04 

5.01140-05  -4.68160-05 

1.40320-04  -2.11970-04 

7.22900-05  5.529413-05 

1.15630-04  4.10690-05 

-1.01250-04  1.43330-04 

-3.05550-05  3.09480-05 


-1.12240-03  1.43890-03 

1.33780-03  -5.31140-03 

-3.69010-03  2.96050-04 

-4.47600-04  -4.14440-04 

-1.16190-04  9.31730-04 

6.31790-04  2.70810-05 

-2.88360-05  2.75100-04 

-1.5845005  -4.59290-04 

9.4218005  1.41930-04 

-1.45570-04  -1.46420-04 

6.15440-05  3.29320-07 

9.94660-05  1.4102EM34 

-2.23810-05  1.00400-04 

2.1722005  -2.6375004 

-1.07900-05  -4.29340-04 

-2.4212003  -2.10200-03 

-1.30240-03  2.28810-03 

-4.87920-04  -2.78230-03 

3.82890-03  -2.29490-03 

-3.21740-03  1.8195002 

1.75100-02  -3.08330-03 

3.0855003  -3.7516004 


1.11260-03  1.1243003 

2.46880-04  -2.34760-04 

1.49280-03  1.45150-03 

-2.47210-06  -7.09110-05 

6.54890-04  7.16950-04 

-1.11570-03  -1.21650-03 

-4.37740-04  -1.4943004 

2.43840-04  -7.20950-05 

9.56500-06  -2.37240-04 

1.01730-04  -6.02300-05 

2.36450-05  -2.23210-04 

2.77800-04  -1.90650-04 

2.06390-04  -1.49380-04 

-2.63990-04  2.20180-04 

6.25260-05  -7.88110-05 

2.07710-04  -2.78190-04 

1.83340-04  -1.12810-04 

5.04060-05  8.11440-05 

-1.51060-04  1.02810-04 

-4.20450-05  -1.16810-04 

2.27860-05  2.68390-05 


-5.03110-04  1.83130-03 

-5.25840-03  3.09460-03 

1.95510-04  4.20350-03 

-5.13970-04  6.73840-04 

6.82910-04  1.36520-04 

-2.74860-05  6.11660-04 

-2.74790-04  2.65050-04 

-4.58510-04  3.91690-04 

-7.16890-06  4.13440-05 

8.49660-05  -4.48820-05 

1.89930-04  -7.40530-05 

-1.79670-04  8.14870-06 

1.22300-04  -9.01570-05 

2.50340-04  -3.18200-04 

4.34630-04  -4.63060-04 

-2.06870-03  -2.13080-03 

2.31720-03  1.24340-03 

-2.32540-03  3.32250-03 

-3.73160-04  -3.46660-03 

1.78530-02  -1.21170-02 

-4.25900-03  -1.34290-02 

2.04410-03  -2.49170-03 


D-8 


-4.7464D-03 

9.13320-03 

-1.20440-03 

-6.65100-03 

-2.16590-03 

1.09150-03 

-2.2464D-04 

7.23230-03 

1.49540-02 

5.67890-03 

2.45210-03 

6.95360-03 

3.7347D-02 

3.18940-02 

5.43410-03 

1.11290-03 

-1.12980-03 

1.09260-03 

1.5943D-03 

2.61610-02 

-1.06010-02 

-3.24490-03 

-1.17340-03 

-2.15840-03 

-1.9238D-02 

-1.32270-03 

3.61040-03 

1.13130-03 

3.50360-03 

2.97800-03 

2.5891LW)3 

3.49700-03 

2.1627I>-02 

1.10310-02 

5.89930-03 

1.21330-02 

1.5934EM)3 

2.57850-03 

-3.29930-03 

1.27670-02 

7.21880-03 

-1.11100-02 

1.0402D-03 

4.54750-03 

-2.07240-02 

4.40890-03 

7.15550-05 

9.82600-03 

-2.0122D-03 

6.95680-04 

-1.12290-02 

4.35060-03 

-2.43260-03 

-4.26530-04 

-2.7503D-03 

-4.13510-03 

-6.84430-04 

-1.38130-03 

-3.72120-04 

5.35490-03 

2.2722D-03 

5.90600-03 

-9.63300-03 

-3.76430-05 

-4.51770-03 

5.22390-03 

”4.75190-03 

-2.32170-04 

-1.12240-02 

-6.54330-03 

8.56140-03 

5.16100-03 

1.0617D-02 

6.69490-03 

1.01340-03 

4.97440-03 

1.82300-03 

-1.76260-03 

-6.2577D-03 

-1.92520-03 

3.54880-03 

1.64940-03 

9.04100-03 

4.45400-03 

4.6578D-03 

-1.16730-03 

3.92860-03 

-6.51410-03 

5.78370-03 

7.55150-03 

-5.2549D-03 

-4.00250-03 

-2.19100-03 

6.27560-03 

2.70920-03 

1.62850-03 

Columns  7 

thru  9 

-9.5681D-05 

-3.22390-04 

-2.19560-03 

2.7210D-03 

2.31180-03 

2.47730-03 

4.4897D-03 

-4.80300-03 

-4.3820O-03 

5.9283D-04 

-6.17560-04 

-4.45200-04 

1. 79560-04 

-5.05320-04 

-4.97780-04 

4.41690-04 

4.60140-04 

4.48330-04 

3.71620-04 

-3.45070-04 

-3.13730-04 

2.08050-05 

-2.59790-05 

4.76340-04 

1.52440-05 

-2.53790-05 

-3.53790-05 

-2.13650-04 

9.68100-05 

1.32980-04 

-1.3968I>-04 

1.82600-04 

-1.52940-06 

-2.17120-04 

2.75660-04 

-7.65140-06 

-5.8976I>-05 

-1.16710-04 

3.48120-05 

3.09730-04 

-2.92160-04 

2.73200-04 

4.95310-04 

-5.16850-04 

4.01860-04 

-2.09640-03 

-2.13470-03 

-2.09260-03 

8.78090-04 

-3.51780-03 

-3.12130-03 

3.12340-03 

-6.20410-04 

-8.41610-04 

-1.25540-03 

2.63220-03 

4.65640-03 

-1.24720-02 

-5.97330-03 

-5.20230-03 

-1.34430-02 

1.72960-02 

1.69030-02 

-1.13940-03 

3.48540-03 

5.14470-05 

-1.04950-03 

4.38970-04 

1.72830-03 

1.68820-03 

6.02750-03 

3.29300-03 

-1.64900-03 

4.40950-03 

-2.49670-04 

-3.86350-03 

-4.97650-03 

-6.65840-04 

-1.50280-04 

4.65280-03 

1.42770-03 

7.88800-03 

1.02330-02 

7.42630-03 

-4.67390-03 

-2.57730-03 

-3.31750-03 

D-9 


6.5625D-03  -1.4220EM)2  -7.4552D-03 
2.6501D-03  -4.5168D-03  4.5302D-04 
-4.1506D-04  -2.7127D-03  2.2157D-03 

*5.54340-03  -6.5287D-03  7.1 1170-03 

-4.28740-03  2.42770-03  -1.80260-03 

-5.96430-03  -1.50290-03  2.44280-03 

-5.51170-03  -7.46570-03  -1.30360-03 

1.89210-03  7.61530-04  -1.08250-02 

-9.22310-03  -5.22040-03  5.71080-03 

C^  = 

Columns  1  thru  6 

2.08250-02  -7.96240-03  4.80650-03 

-1.93800-02  -9.42900-03  -4.11170-03 

5.40880-03  -3.76210-03  6.71700-04 

-4.8615CM)3  -4.08960-03  -3.58650-04 

1.79010-02  9.25510-03  2.558804)3 

-1.50620-02  -5.58080-04  1.07260-02 

4.92010-03  2.68610-03  2.20430-03 

-3.81180-03  1.12870-03  3.68130-03 

1.53410-02  -8.81180-04  -1.07940-02 

-1.99220-02  8.39280-03  -3.42140-03 

3.71680-03  9.83140-04  -3.81920-03 

-5.51750-03  2.34110-03  -2.50980-03 

-1.70120-03  -3.84290-04  -6.17820-03 

-9.32600-05  -5.58450-03  -2.95940-03 

1.00020-03  -5.23580-03  3.43370-03 

1.71860-03  3.28310-04  6.18180-03 

4.34240-05  5.65230-03  2.84270-03 

-9.50380-04  5.33400-03  -3.27730-03 

1.56030-01  -1.32640-01  8.27400-02 

-1.45200-01  -1.57070-01  -7.07800-02 

4.05240-02  -6.26690-02  1.15630-02 

-3.64240-02  -6.81250-02  -6.17400-03 

1.34120-01  1.54170-01  4.40480-02 

-1.12850-01  -9.29650-03  1.84640-01 

3.68630-02  4.47450-02  3.79450-02 

-2.85600-02  1.88020-02  6.33700-02 

1.14940-01  -1.46790-02  -1.85820-01 

-1.49260-01  1.39810-01  -5.88970-02 

2.78470-02  1.63770-02  -6.57450-02 

-4.13390-02  3.89980-02  -4.32050-02 

-1.27460-02  -6.40150-03  -1.06350-01 

-6.98740-04  -9.30270-02  -5.09430-02 

7.49380-03  -8.72180-02  5.91080-02 

1.28770-02  5.46890-03  1.06420-01 


2.40550-03  -6.20290-04  -5.50480-04 

-5.32740-04  -2.17230-03  -6.87490-04 

3.91750-03  -9.83360-04  -7.84230-04 

-9.82860-04  -3.75250-03  -1.23110-03 

-8.80230-04  -2.41470-03  -9.49000-04 

-5.84660-04  1.05030-03  -2.04010-03 

-1.21760-03  -2.86570-03  -1.15590-03 

-7.58550-04  1.34550-03  -2.85960-03 

-3.16090-04  1.1557EM)3  -1.94890-03 

2.65990-03  -4.07990-04  -7.22510-04 

-4.60710-04  1.63160-03  -3.07090-03 

3.40830-03  -3.15260-04  -8.52770-04 

-5.52920-04  -2.58680-04  4.19300-04 

-5.16810-04  6.79950-04  1.05570-04 

-3.13980-04  7.93270-04  7.12480-05 

4.52660-04  3.11710-04  4.21650-04 

5.06380-04  -9.13010-05  4.87220-04 

-2.79440-04  -5.35760-04  4.46750-04 

1.32490-01  -3.52860-02  -3.58550-02 

-2.93420-02  -1.23570-01  -4.47790-02 

2.15770-01  -5.59390-02  -5.10810-02 

-5.41340-02  -2.13460-01  -8.01900-02 

-4.84810-02  -1.37360-01  -6.18130-02 

-3.22020-02  5.97460-02  -1.32880-01 

-6.70650-02  -1.63020-01  -7.52880-02 

-4.17790-02  7.65420-02  -1.86260-01 

-1.74090-02  6.57450-02  -1.26940-01 

1.46500-01  -2.32090-02  -4.70610-02 

-2.53750-02  9.28130-02  -2.00020-01 

1.87720-01  -1.79340-02  -5.55450-02 

-3.04540-02  -1.47150-02  2.73110-02 

-2.84650-02  3.86790-02  6.87630-03 

-1.72930-02  4.51260-02  4.64080-03 

2.49320-02  1.77320-02  2.74640-02 


D-10 


3.2535D-04  9.4157D-02 

-7.1205D-03  8.8854D-02 

Columns  7  thru  12 

-8.2665D-04  2.5584D-04 

7.1069D-04  3.3590D-04 

1.1465D-03  -9.1416D-04 

-1.0145D-03  -8.5733D-04 

6.0654D-04  -1.0135D-04 

-2.0616D-05  4.5536D-04 

1.1768D-04  1.0808D-03 

8.6878D-04  -4.0698D-04 

1.1875D-04  4.241  lD-04 

-6.3526D-04  -2.7676D-04 

-8.2110D-04  -4.1586D-04 

-9.2793D-05  1.2428D-03 

1.6346D-04  2.4226D-04 

3.2379D-04  -2.1807D-05 

-3.2964EM)4  -9.6626D-06 

-1.7693D-04  2.3124D-04 

1.0339D-04  -2.93920-04 

-1.0672D-04  -3.0520D-04 

-1.2513D-01  4.0396D-02 

1. 07580-01  5.30380-02 

1.73540-01  -1.44340-01 

-1.53560-01  -1.35370-01 

9.18130-02  -1.60030-02 

-3.12060-03  7.19010-02 

1.78130-02  1.70650-01 

1.31510-01  -6.42610-02 

1.79760-02  6.69660-02 

-9.61600-02  -4.36990-02 

-1.24290-01  -6.56640-02 

-1.40460-02  1.96230-01 

2.47430-02  3.82530-02 

4.90120-02  -3.44320-03 

-4.98980-02  -1.52570-03 

-2.67820-02  3.65130-02 

1.56500-02  -4.64090-02 

-1.61550-02  -4.81910-02 

Columns  13  thru  18 

-2.18150-06  3.21050-05 

2.12490-06  -2.98900-05 

-3.63740-05  -1.20430-04 

-2.93860-05  1.37780-04 


4.89360-02  2.78900-02 

-5.64160-02  -1.53910-02 


1.01810-03  -2.81300-04 

1.01390-03  3.22800-04 

-6.78560-04  -6.83990-05 

-7.95550-04  -7.95160-05 

6.21800-04  3.84470-04 

-3.48550-04  -3.96700-04 

-3.55220-04  -3.72770-04 

3.04680-04  -1.31310-04 

-2.85500-04  -9.27810-04 

7.13590-04  -7.84340-04 

1.24310-04  9.92830-04 

-5.52120-04  8.27610-04 

-1.31760-04  -4.02610-05 

-2.14140-05  -1.90720-05 

-6.94060-05  6.08860-05 

-1.50840-04  1.78650-05 

8.91330-05  4.8771EM)5 

8.52530-05  6.28760-05 

1.72390-01  -5.37260-02 

1.71690-01  6.16520-02 

-1.14900-01  -1.3064I>-02 

-1.34710-01  -1.51870-02 

1.05290-01  7.34320-02 

-5.90180-02  -7.57680-02 

-6.01470-02  -7.11960-02 

5.15900-02  -2.50800-02 

-4.83430-02  -1.77210-01 

1.20830-01  -1.49800-01 

2.10490-02  1.89620-01 

-9.34880-02  1.58070-01 

-2.23100-02  -7.68960-03 

-3.62590-03  -3.64260-03 

-1.17520-02  1.16290-02 

-2.55400-02  3.41210-03 

1.50930-02  9.31490-03 

1.44360-02  1.20090-02 


3.87290-05  -2.69550-04 

-3.83160-05  -2.76340-04 

-1.43220-04  -1.63350-04 

1.49510-04  -1.63010-04 


5.19380-03  3.17350-02 

-3.04770-02  2.90990-02 


-1.41950-04  -6.98340-05 

2.81070-04  6.8%3D.05 

6.76690-05  1.76530-04 

7.16930-05  -1.69810-04 

7.55260-04  -1.16380-05 

9.10370-04  -6.31350-06 

-8.61800-04  8.77430-05 

-9.13500-04  -2.68120-05 

5.24370-04  -1.10600-05 

-7.85440-05  2.14600-05 

-8.07220-05  4.81460-05 

1.20270-05  -1.08350-04 

-5.94090-05  -1.65500-05 

-7.22640-05  -4.38940-04 

1.25930-05  3.48860-04 

2.24270-07  2.04420-04 

-2.66340-05  -6.32420-04 

-8.28930-06  5.34870-04 

-2.87920-02  -2.44510-02 

5.70110-02  2.41460-02 

1.37260-02  6.18090-02 

1.45420-02  -5.94570-02 

1.53190-01  -4.07470-03 

1.84660-01  -2.21060-03 

-1.74810-01  3.07220-02 

-1.85290-01  -9.38770-03 

1.06360-01  -3.87260-03 

-1.59320-02  7.51390-03 

-1.63730-02  1.68570-02 

2.43940-03  -3.79370-02 

-1.20500-02  -5.79480-03 

-1.46580-02  -1.53690-01 

2.55440-03  1.22150-01 

4.54900-05  7.15740-02 

-5.40240-03  -2.21430-01 

-1.68140-03  1.87270-01 


-2.02280-03  -2.19390-04 

4.29640-04  2.00620-03 

-1.57110-04  -1.38310-04 

1.46850-04  1.53860-04 


D-11 


-4.3108D-05  8.1165D-05 

3.1560D-05  -8.4986D-05 

9.3909D-05  -2.3772D-04 

-2.4455D-05  2.7665D-04 

6.2668D-05  6.4987D-05 

-5.9120D-05  -5.6053D-05 

-1.1855D-04  -2.3274D.04 

1.4133D-04  1.7358D-04 

-5.5168D-04  3.885  lD-04 
1.5326D-04  -4.928  lD-04 
4.0531D-04  4.1770D-04 

-6.0181D-04  -2.3769D-04 

2.2397D-04  1.3320D-04 

3.6730D-04  -2.0966D-04 

-7.7783D-04  1.2212D-02 

7.5763D-04  -1.1369D-02 

-1.2970D-02  -4.5808D-02 

-1.0478D-02  5.2406D-02 

-1.5371I3-02  3.0873D-02 

1.1253D-02  -3.2326D-02 

3.3484D-02  -9.0421D-02 

-8.7194D-03  1.0523D-01 

2.2345D-02  2.4719D-02 

-2.1080D-02  -2.1321D-02 

-4.2271D-02  -8.8529D-02 

5.0390D-02  6.6023D-02 

-1.9670D-01  1.4778D-01 

5.4645D-02  -1.8745D-01 

1.4452D-01  1.5888D-01 

-2.1458D-01  -9.041  lD-02 

7.9858D-02  5.0666D-02 

1.3096D-01  -7.9750D-02 

Columns  19  thru  24 

-5.7383D-02  3.5596D-02 

5.1451D-02  5.4591D-02 

-1.7732D-02  1.6685D-02 

1.5406D-02  2.2033D-02 

-4.6313D-02  -5.7328D-02 

3.5042D-02  -1.8325D-03 

-1.5479D-02  -2.0904D-02 

1.0920D-02  -4.7952D-03 

-3.6183D-02  1.8468D-02 

5.4460D-02  -4.6623D-02 

-1.0708D-02  3.0121D-03 

1.8088D-02  -1.5209I>-02 

4.9675D-03  5.3365D-03 


5.4485D-05  -2.6080D-04 

-5.5825D-05  -2.8837D-04 

-1.9699D-04  -1.9282D-04 

2.1238D-04  -1.9296D-04 

5.1867D-05  -2.9253D-04 

-4.6325D-05  -2.5300D-04 

-1.9484D-04  -1.8382I>-04 

1.7199D-04  -1.8425D-04 

-1.2550D-04  -1.9485D-03 

1.1386D-04  -1.9305D-03 

-1.2055D-04  -1.9310D-03 

1.3840D-04  -1.9501D-03 

-1.5012D-04  -1.9653D-03 

1.4322D-04  -1.9647D-03 

2.5733U-02  2.062513-02 

-2.5458L'-02  2.1145D-02 

-9.5160D-02  1.2499D-02 

9.9337D-02  1.2473D-02 

3.6202D-02  1.9955D-02 

-3.7092D-02  2.2065D-02 

-1.3089IW)1  1.4754D-02 

1.41110-01  1.4765D-02 

3.4462D-02  2.2383D-02 

-3.07800-02  1.93590-02 

-1.29450-01  1.40650-02 

1.14280-01  1.40980-02 

-8.33870-02  1.49090-01 

7.56560-02  1.47710-01 

-8.00980-02  1.4775001 

9.19610-02  1.49210-01 

-9.97450-02  1.5037001 

9.51590-02  1.5033001 


-3.32350-02  -4.83820-02 

1.52750-02  3.69680-02 

-9.81210-03  -8.07280-02 

2.05250-03  6.49030-02 

1.08540-03  2.73530-02 

-6.6632002  -1.93100-03 

-4.07490-03  3.59390-02 

-2.45570-02  -7.00700-04 

6.31260-02  9.80470-03 

2.02320-02  -3.90050-02 

2.46290-02  1. 18150-02 
1.15890-02  -5.28620-02 

2.28580-02  -1.37260-02 


1.28490-03  -1. 80340-03 

-2.11480-03  -7.20340-04 

2.63940-04  -9.23090-05 

-2.75310-04  5.51130-05 

8.98170-04  1.98330-03 

1.61780-03  -1.43590-03 

-1.93060-05  2.58340-04 

5.14700-05  -2.52790-04 

-2.64660-03  -2.16010-03 

8.94180-04  -3.31990-03 

3.20110-03  -1.24330-03 

2.42370-03  2.40350-03 

-5.08380-04  3.35760-03 

-3.28280-03  8.66190-04 

1.06410-01  1.15320-02 

-2.26020-02  -1.05460-01 

8.26500-03  7.27030-03 

-7.72560-03  -8.08770-03 

-6.75940-02  9.47930-02 

50-01  3.78640-02 

....6850-02  4.85220-03 

1.44830-02  -2.89700-03 

-4.72500-02  -1.04250-01 

-8.51070-02  7.54780-02 

1.01560-03  -1.35790-02 

-2.70770-03  1.32880-02 

1.39230^1  1.13540-01 

-4.7040r02  1.74510-01 

-1.68400-01  6.53540-02 

-1.27510-01  -1.26340-01 

2.67440-02  -1.76490-01 

1.72700-01  -4.55310-02 


2.19240-02  -3.15020-02 

3.39920-02  -3.12490-02 

3.51000-02  -5.01130-02 

5.94810-02  -5.24410-02 

4.01280-02  -1.90970-02 

-3.52710-02  -3.47920-02 

5.30150-02  -2.61300-02 

-4.99470-02  -5.71740-02 

-3.52640-02  -3.98090-02 

3.08940-02  -1.90070-02 

-5.52050-02  -7.02040-02 

4.45460-02  -2.27610-02 

7.69590-03  3.25950-03 


D-12 


4.1142D-04  2.2522D-02 

-3.2624D-03  1.7317D-02 

-5.031  lD-03  -4.7915D-03 

-1.8783D-04  -2.2660D-02 

3.0714D-03  -1.78810-02 

6.3653D-02  -2.4776D-02 

-5.7073D-02  -3.7998D-02 

1.9669D-02  -1.16140-02 

-1.70890-02  -1.53360-02 

5.13730-02  3.99030-02 

-3.88700-02  1.27550-03 

1.71700-02  1.45500-02 

-1.21130-02  3.33770-03 

4.01360-02  -1.28550-02 

-6.04100-02  3.24520-02 

1.18780-02  -2.09660-03 

-2.00640-02  1.05860-02 

-5.51030-03  -3.71450-03 

-4.56380-04  -1.56760-02 

3.61890-03  -1.20530-02 

5.58080-03  3.33510-03 

2.08350-04  1.57720-02 

-3.40700-03  1.24460-02 

Columns  25  thru  30 

4.85420-03  -3.46100-02 

3.93600-03  -3.70560-02 

4.94790-02  -4.48080-02 

-3.70480-02  -5.14920-02 

1.50190-02  5.18770-03 

-1.44050-02  2.06720-02 

5.46380-02  4.67660-02 

-5.19530-02  5.88770-03 

4.61540-03  3.27760-02 

-1.28250-02  1.40010-02 

3.64610-02  3.75840-02 

-6.73660-02  4.90230-02 

-6.62660-03  9.86360-03 

-2.34300-03  1.12900-02 

3.51470-05  1.79040-02 

5.44910-03  1.78900-02 

-3.45260-03  -2.20440-02 

3.28300-03  -2.14340-02 

-3.47100-04  2.34370-03 

-2.81440-04  2.50940-03 

-3.53800-03  3.03430-03 

2.64910-03  3.48700-03 


8.08330-03  -1.50070-02 

-1.60790-02  1.34110-02 

-2.29400-02  1.13800-02 

-7.33080-03  6.83620-04 

1.52940-02  2.41650-03 

2.25090-02  5.52900-03 

-1.03450-02  -4.22460-03 

6.64540-03  9.22550-03 

-1.39010-03  -7.41700-03 

-7.35100-04  -3.12580-03 

4.51280-02  2.20680-04 

2.75980-03  -4.10710-03 

1.66320-02  8.00750-05 

-4.27530-02  -1.12050-03 

-1.37030-02  4.45740-03 

-1.66800-02  -1.35030-03 

-7.84890-03  6.04100-03 

-1.54810-02  1.56860-03 

-5.47460-03  1.71500-03 

1.08900-02  -1.53260-03 

1.55370-02  -1.30050-03 

4.96500-03  -7.81240-05 

-1.03580-02  -2.76160-04 


2.47420-02  1.98220-02 

-7.00100-03  2.52290-02 

-2.94580-03  -3.77350-04 

1.55100-02  1.71940-03 

-3.88960-02  3.98810-02 

-2.66790-02  4.20770-02 

-4.98680-02  3.12400-02 

-5.85600-02  3.29680-02 

2.78900-02  3.30920-02 

4.43930-02  2.35530-02 

5.03250-02  1.20230-02 

4.06950-02  1.88420-02 

-2.44870-02  4.57150-04 

-2.51930-02  -2.27260-04 

1.89370-02  -9.56290-03 

1.83850-02  -8.36520-03 

4.05360-05  -1.20970-02 

1.16280-03  -1.32440-02 

-1.50890-03  -1.07310-03 

4.26950-04  -1.36570-03 

1.79650-04  2.04280-05 

-9.45850-04  -9.30830-05 


4.06650-03  2.82050-03 

8.32140-03  4.37760-04 

1.09590-02  3.28620-04 

-1.35550-02  -1.17770-02 

-1.33530-02  -1.19010-02 

-2.31370-03  2.97610-03 

-3.58730-03  2.95220-03 

-3.70420-03  4.73430-03 

-6.27730-03  4.95420-03 

-4.23490-03  1.80410-03 

3.72230-03  3.28690-03 

-5.59480-03  2.46860-03 

5.27110-03  5.40130-03 

3.72160-03  3.76080-03 

-3.26030-03  1.79560-03 

5.82600-03  6.63230-03 

-4.70120-03  2.15030-03 

-8.12180-04  -3.07930-04 

-4.29150-04  -2.66450-04 

-8.78180-04  -4.13560-05 

-1.15650-03  -3.10460-05 

1.43050-03  1.11260-03 

1.40920-03  1.12430-03 


3.04270-02  1.14450-02 

3.47690-02  3.72940-03 

-3.15040-02  -4.14950-02 

-4.97410-02  2.35460-02 

-9.81800-03  1.51480-02 

-1.81540-02  1.24470-02 

5.80530-02  -1.96170-03 

-5.34420-04  -6.49510-02 

-8.96020-03  -2.51940-02 

-5.07320-03  -2.20100-02 

-2.55310-02  5.40460-02 

4.80570-02  2.58520-02 

-2.10080-02  1.64010-02 

-1.67000-02  2.20810-02 

-4.07950-03  -2.73690-02 

-1.03320-02  -2.39540-02 

2.49350-02  9.84210-03 

2.71860-02  3.35970-03 

-1.36140-03  -5.09040-04 

-1.55570-03  -1.65870-04 

1.40960-03  1.84550-03 

2.22570-03  -1.04720-03 


D-13 


-1.0739D-03  -3.5130£M)4  2.3721D-03  -2.1590D-03  4.3930D-04  -6.7372D-04 

1.0300D-03  -1.3999IW)3  1.6270D-03  -2.2779D-03  8.1229D-04  -5.5359D-04 

-3.9069D-03  -3.I669IM)3  3.041  lD-03  -1.6912D-03  -2.5976D-03  8.7247D-05 

3.7149D-03  -3.9870D-04  3.5713D-03  -1.7848D-03  2.3913D-05  2.8888D-03 

-3.3002D-04  -2.2196D-03  -1.7008D-03  -1.7915D-03  4.0093D-04  1.1205D-03 

9.1706D-04  -9.4813D-04  -2.7073D-03  -1.2751D-03  2.2700D-04  9.7893D-04 

-2.6071D-03  -2.5451D-03  -3.0691D-03  -6.5087D-04  1.1424D-03  -2.40380-03 

4.8170D-03  -3.31970-03  -2.48180-03  -1.02000-03  -2.15030-03  -1.14980-03 

4.73840-04  -6.67950-04  1.49330-03  -2.47480-05  9.40000-04  -7.29430-04 

1.67530-04  -7.64510-04  1.53640-03  1.23030-05  7.47240-04  -9.82060-04 

-2.51320-06  -1.21240-03  -1.15490-03  5.17690-04  1.82540-04  1.21730-03 

-3.89640-04  -1.21150-03  -1.12120-03  4.52850-04  4.62320-04  1.06540-03 

2.46880-04  1.49280-03  -2.47210-06  6.54890-04  -1.11570-03  -4.37740-04 

-2.34760-04  1.45150-03  -7.09110-05  7.16950-04  -1.21650-03  -1.49430-04 

Columns  31  thru  36 

-1.98690-02  1.59540-03  2.18720-02  -1.06030-02  -1.01720-03  3.79320-03 

7.99120-03  1.67130-02  -2.15720-02  -1.32390-02  7.70440-03  7.42900-04 

-5.85180-03  -1.45920-02  4.82360-02  1.87100-02  -9.04400-04  -8.71990-03 

1.89940-02  -4.57090-03  -4.97750-02  7.36790-03  -6.61800-03  2.67350-03 

5.42740-03  -2.40810-02  5.10020-04  1.02520-02  -1.94260-02  2.17880-03 

-1.73670-02  -8.47550-03  -8.18870-03  -3.22050-03  -1.39940-02  -2.78230-03 

2.36360-03  1.66400-02  -3.18110-05  -7.71130-03  1.07160-02  1.26010-03 

8.50260-03  1.66390-02  6.77670-03  4.76320-04  2.47380-02  2.03760-03 

1.34100-02  1.20570-02  6.10050-03  1.35660-02  1.40240-02  2.12350-02 

1.61000-02  -1.50390-02  -3.44480-04  1.05520-02  6.59630-03  -2.67200-02 

-1.27030-02  1.93140-03  -2.93210-03  -2.18090-03  -1.05230-02  3.87530-02 

-1.79260-02  4.99990-04  -8.50540-04  -2.35990-02  -1.18440-02  -3.44460-02 

1.56690-02  -3.29000-02  -1.28630-02  2.19830-02  1.95450-02  -1.81610-02 

-2.30070-02  -1.45090-02  2.09930-03  -2.73780-02  9.38870-04  2.48340-02 

2.12950-02  1.5507IW)2  5.01040-03  -2.78780-02  1.70050-02  -4.42630-03 

2.48600-02  -2.55400-02  1.02980-02  1.31200-02  -3.03710-02  7.60560-03 

-1.99350-02  -7.95500-04  -9.12200-03  -2.27410-03  -2.71710-02  -2.03550-02 

5.89400-03  1.97310-02  5.40070-03  2.14670-02  1.86470-02  1.47320-02 

2.43030-04  -1.91830-05  -2.43920-04  1.10250-04  1.04000-05  -3.84610-05 

-9.77470-05  -2.00960-04  2.40580-04  1.37660-04  -7.87720-05  -7.53270-06 

7.15780-05  1.75460-04  -5.37940-04  -1.94540-04  9.24680-06  8.84160-05 

-2.32330-04  5.49610-05  5.55100-04  -7.66100-05  6.76640-05  -2.71080-05 

-6.63870-05  2.89550-04  -5.68790-06  -1.06600-04  1.98620-04  -2.20920-05 

2.12430-04  1.01910-04  9.13220-05  3.34860-05  1.43080-04  2.82110-05 

-2.89110-05  -2.00070-04  3.54790-07  8.01800-05  -1.09560-04  -1.27770-05 

-1.04000-04  -2.00070-04  -7.55760-05  -4.95270-06  -2.52930-04  -2.06600-05 

-1.64030-04  -1.44980-04  -6.80340-05  -1.41060-04  -1.43380-04  -2.15320-04 

-1.96930-04  1.80830-04  3.84170-06  -1.09720-04  -6.74420-05  2.70930-04 

1.55380-04  -2.32230-05  3.27000-05  2.26770-05  1.07590-04  -3.92940-04 

2.19270-04  -6.01180-06  9.48540-06  2.45380-04  1.21090-04  3.49270-04 

-1.91660-04  3.95590-04  1.43450-04  -2.28570-04  -1.99830-04  1.84140-04 


D-14 


2.8142D-04 

-2.6048D-04 

-3.0408D-04 

2.4384D-04 

-7.2095D-05 


-3.51140-04 
1.164  )-03 
-4.0010D-04 
-2.4351D-03 
-1.6183D-02 
2.3512D-02 
-2.5801D-02 
1.9450D-02 
-5.4075D-03 
-1.4896D-03 
9.3353D-03 
-1.6482D-04 
4.7143D-03 
-4.2384D-03 
1.8724D-02 
-1.7029D-02 
2.6571D-02 
-2.2161D-02 
3.4887D-06 
-1.1572D-05 
3.9752D-06 
2.4194D-05 
1.6079D-04 
-2.3360D-04 
2.5634D-04 
-1.9324D-04 
5.3726D-05 
1.4800D-05 
-9.2750D-05 
1.6375EM)6 
-4.6838D-05 
4.2110D-05 
-1.8603D-04 
1.6919D-04 
-2.6399D-04 
2.2018D-04 


1.7446D-04 

-1.8646D-04 

3.07090-04 

9.56500-06 

-2.37240-04 


2.21070-03 

-2.12720-02 

2.03940-02 

6.55390-03 

1.11910-03 

-3.91840-03 

-6.02080-03 

-2.99350-03 

-5.04480-03 

6.66000-05 

9.72240-03 

-2.61580-02 

3.08400-02 

-3.06290-02 

2.40430-02 

-6.52270-03 

8.22160-03 

1.18860-05 

-2.11910-05 

2.03910-04 

-1.95500-04 

-6.28240-05 

-1.07270-05 

3.75610-05 

5.77140-05 

2.86950-05 

4.83590-05 

-6.38460-07 

-9.31970-05 

2.50740-04 

-2.95630-04 

2.93610^04 

-2.30480-04 

6.25260-05 

-7.88110-05 


-2.34120-05 

-5.58780-05 

-1.14850-04 

1.01730-04 

-6.02300-05 


2.70540-03 

2.27600-03 

-4.19600-03 

-1.92480-03 

-2.245t)O-03 

-9.07020-03 

6.76800-03 

5.36400-03 

-9.43420-03 

1.38480-02 

-4.26100-02 

3.82450-02 

-2.25800-02 

1.62280-02 

-5.37930-03 

5.02530-03 

-2.22960-02 

2.98620-02 

-2.52030-05 

-2.12040-05 

3.90900-05 

1.79320-05 

2.09150-05 

8.44980-05 

-6.30510-05 

-4.99710-05 

8.78890-05 

-1.29010-04 

3.96950-04 

-3.56290-04 

2.10360-04 

-1.51180-04 

5.01140-05 

-4.68160-05 

2.07710-04 

-2.78190-04 


2.84680-04 

2.89870-04 

-1.36420-04 

2.36450-05 

-2.23210-04 


-1.70860-03 

-4.14690-03 

5.02550-04 

5.61210-03 

-1.72500-02 

2.08180-02 

-5.21540-02 

4.94770-02 

1.17550-03 

3.11700-03 

-5.52030-03 

4.70520-04 

-8.37850-03 

7.18150-03 

-1.54790-02 

2.33830-02 

-2.02250-02 

1.24440-02 

1.54890-05 

3.75940-05 

-4.55580-06 

-5.08760-05 

1.56380-04 

-1.88720-04 

4.72800-04 

-4.48530-04 

-1.06560-05 

-2.82570-05 

5.00440-05 

-4.26540-06 

7.59540-05 

-6.51030-05 

1.40320-04 

-2.11970-04 

1.83340-04 

-1.12810-04 


-9.59920-06 

-1.73860-04 

3.10530-04 

2.77800-04 

-1.90650-04 


5.40210-03 

5.21950-03 

-6.51510-03 

-6.13920-03 

5.96180-03 

5.88320-03 

-9.21030-03 

-8.37510-03 

5.66470-03 

5.50190-03 

-7.39720-03 

-8.45510-03 

-6.28740-03 

-1.15460-02 

-9.76700-03 

-7.47070-03 

-6.810304)3 

-1.09630-02 

-3.99830-05 

-3.86320-05 

4.82210-05 

4.54390-05 

-4.412604)5 

-4.354404)5 

6.81690-05 

6.198704)5 

-4.192704)5 

-4.072204)5 

5.47500-05 

6.25800-05 

4.653504)5 

8.54560-05 

7.22900-05 

5.52940-05 

5.04060-05 

8.114404)5 


-2.518104)4 

4.48810-05 

-7.71180-05 

2.06390-04 

-1.49380-04 


-1.05180-03 

7.25210-04 

3.75950-04 

5.13260-05 

5.64120-04 

-3.57340-04 

-6.076904)4 

1.5%9O-03 

2.83700-04 

-5.57770-05 

-7.22050-04 

-8.37670-04 

-5.800004)3 

2.32930-02 

-1.85990-02 

-6.605804)3 

2.42970-02 

-1.65360-02 

6.53940-06 

-4.508704)6 

-2.33740-06 

-3.19120-07 

-3.50720-06 

2.22180-06 

3.77810-06 

-9.92820-06 

-1.76380-06 

3.46810-07 

4.48900-06 

5.207904)6 

3.60590-05 

-1.44820-04 

1.15630-04 

4.10690-05 

-1.51060-04 

1.02810-04 


Columns  37  thru  42 

-1.240004)3 


D-15 


Columns  43  thru  48 


3.8115D-05 

-4.73ni>-04 

4.0708D-04 

5.26I6D-04 

5.5933D-04 

-3.0414EM)4 

-1.8699D-03 

3.3272D-04 

-5.9762I>4)4 

8.2594D-04 

7.9599D-04 

-1.4161D-03 

-2.3395D-02 

4.6713D-03 

1.6299D-02 

-2.3074D-02 

6.7683D-03 

1.8804D-02 

-2.3677D-07 

2.9394D-06 

-2.5288D-06 

-3.2685D-06 

-3.4746D-06 

1.8894D-06 

1.1616D-05 

-2.0669D-06 

3.7124D-06 

-5.1307D-06 

-4.9447D-06 

8.7966D-06 

1.4533D-04 

-2.9018D-05 

-1.0125D-04 

1.4333D-04 

-4.2045D-05 

-1.1681EMM 

0.00000*00 

O.OOOOD+00 

O.OOOOD400 

O.000OD4OO 

O.OOOOD+00 

O.OOOOD+00 

O.OOOOD+GO 

O.OOOOIHOO 

O.OOOOIHOO 

O.OOOOD+OO 


-7.5946D-04 

-1.1258D-03 

-8.6159D-05 

8.03191>04 

-1.0427D-03 

-7.4150D-04 

1.3273D-03 

1.1594D-03 

-4.3420I>-04 

-1.1894D-03 

4.6274D-04 

1.5820D-03 

•4.9849D-03 

4.3860D-03 

6.2581D-03 

-6.3385D-03 

-4.6669D-03 

-5.4971D-03 

3.7081D-06 

5.4969IW)6 

4.2067D-07 

-3.9216D-06 

5.09071^)6 

3.6203D-06 

-6.4806D-06 

-5.6608D-06 

2.1200D-06 

5.8073D-06 

-2.2593D-06 

-7.7241I>-06 

2.4339D-05 

-2.1414D-05 

-3.0555D-05 

3.0948D-05 

2.2786D-05 

2.6839D-05 

O.OOOOD+00 

O.OOOOD+00 

O.OOOOD+00 

O.OOOOD+00 

O.OOOOD400 

O.OOOOD+00 

0.00000+00 

O.OOOOD+00 

O.OOOOD+00 

O.OOOOD+00 


O.OOOOD+00 

O.OOOOD+00 

O.OOOOD+00 

O.OOOOD+00 

O.OOOOD+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

8.21920-05 

5.51670-06 

-4.19580-04 

1.21840-05 

9.58350-05 

-6.96680-06 

-3.83270-04 

2.88330-05 

1.22660-04 

1.40420-06 


0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

5.29200-05 

2.16320-05 

-2.45970-05 

-1.65380-04 

-6.01670-05 

1.54960-05 

-2.00380-04 

9.96120-05 

1.38%O-05 

-3.61010-05 


0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

-5.86170-05 

3.78030-05 

-1.44300-04 

5.25540-06 

-4.57960-05 

-3.76900-05 

1.60370-04 

1.60770-04 

6.57010-05 

-7.96890-09 


0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

0.00000+00 

1.09540-05 

-1.57470-05 

-1.98110-04 

2.47650-05 

6.08750-05 

1.94890-05 

2.10300-05 

-5.71200-05 

-7.08800-05 

9.07930-06 


O.OOOOIHOO  0.00001>K)0 
0.0000D4O0  O.OOOOD^ 
O.OOOOD+OO  O.OOOOIVKX) 
O.OOOOD+00  O.OOOOD400 
O.OOOOI>iOO  0.0000D4O0 
0.(X)00CM)0  O.OOOOD+00 
O.OOOOIHOO  O.OOOOEMX) 
O.OOOOD400  O.OOOOE>KX) 
0.00000400  0.00000400 

0.00000400  0.00000400 

Columns  49  thru  54 

6.61080-05  -2.84170-05 

-1.17640-05  -2.36980-05 

-1.11370-04  -1.92930-05 

-4.11060-05  2.37690-05 

-2.19840-05  4.00000-05 

7.66110-06  -1.58660-05 

1.84990-04  -7.77200-05 

-1.52850-05  -3.31860-05 

-3.95840-05  -8.09180-06 

-1.27670-05  -1.27460-06 

-8.16510-05  1.03270-04 

4.18540-05  -1.81310-05 

5.84450-04  -2.22130-04 

2.91850-04  -5.25690-06 

-1.66780-04  1.22190-04 

7.32460-04  -8.53840-06 

1.71180-04  -1.27810-04 

-8.33170-04  4.53760-05 

-4.90090-05  6.28070-05 

-5.80200-05  -1.77160-05 

Columns  SS  thru  60 

-4.77160-06  -6.57420-05 

1.56990-05  8.25090-05 

2.62840-05  5.60700-05 

-8.30470-06  1.65440-05 

-2.58230-06  -2.70710-05 

-6.73270-06  -1.00100-04 

-2.90780-06  -1.20260-04 

-1.03990-05  7.75840-05 

6.68400-06  1.54660-04 

-1.97800-06  1.76140-05 

-2.00770-05  -8.97040-05 

-1.67220-05  -9.39030-05 


4.03730-04  1.84870-04 

4.17260-05  7.85280-05 

4.45400-04  4.67010-03 

1.25890-03  2.39410-04 

4.34260-03  -9.16320-04 

8.56970-03  -1.69000-02 

4.34040-03  9.48170-04 

5.51330-03  1.71810-02 

9.60800-05  -1.09960-03 

2.79690-04  6.14250-05 


5.04820-05  -7.91120-05 

-5.96090-05  -3.41000-05 

-1.98030-04  7.72330-06 

2.20390-08  7.94530-05 

4.86400-05  7.53670-05 

6.11880-05  -3.45290-05 

6.95190-05  -1.58750-04 

-7.19690-05  4.46820-05 

-8.27300-05  -2.90450-06 

4.45280-07  7.53720-05 

6.52400-05  1.71350-04 

7.40650-05  4.419604)5 

4.18060-06  -1.86840-05 

6.90800-05  1.62290-05 

2.12380-04  -1.77140-05 

2.35700-05  1.16580-04 

-2.12660-04  1.14160-05 

-3.03710-07  -1.16100-04 

-2.61690-07  5.81200-05 

-7.52450-05  -8.79450-07 


9.78710-05  -9.10540-05 

7.17820-05  1.82570-05 

3.24460-05  1.43760-04 

-9.83390-05  1.15550-05 

-1.35450-04  -6.22210-05 

3.53400-05  -3.18650-05 

8.88510-05  1.12190-04 

6.63040-05  1.63990-05 

2.11290-05  -2.25270-05 

-1.06600-04  1.36000-05 

-8.24020-05  1.25610-04 

3.22760-05  -2.82060-05 


1.21500-04  1.62610-04 

-1.62270-04  4.37170-05 

2.08070-04  -3.12300-04 

4.50940-03  4.60610-04 

-1.67330-02  -2.13050-04 

2.63740-04  ^.59740-04 

1.67310-02  2.10000-04 

-1.11490-03  3.30400-04 

3.90420-05  2.90820-05 

1.10010-03  -1.05290-04 


3.89190-05  8.80480-06 

1.10420-05  1.29860-05 

-1.60520-05  3.02460-05 

-5.65500-05  -6.96480-06 

-3.20050-05  -1.40000-05 

1.96550-05  -1.03890-05 

4.88510-05  -2.98620-06 

6.22660-06  1.61410-05 

-3.52430-06  4.90970-06 

-2.30010-05  -8.45890-06 

-4.76700-05  -2.30090-05 

1.33570-05  1.51340-05 

1.10740-04  7.51200-05 

-2.54130-05  1.17440-04 

1.81330-05  2.43920-04 

-4.68020-04  -1.51550-04 

-1.17300-05  -2.40940-04 

4.64510-04  1.94900-04 

-8.34940-05  -3.42040-05 

-5.30680-08  -4.03910-05 


-8.79410-07  -1.47860-05 

1.19450-06  -8.00700-05 

6.46660-05  -9.31610-06 

-2.70040-07  -5.31490-06 

-2.10580-07  -1.20770-05 

-2.04300-06  -8.02160-05 

8.87520-05  -7.15630-06 

1.61890-07  -7.06050-06 

8.37560-07  -1.10940-05 

9.63080-07  -8.44420-05 

8.01300-05  -1.19890-05 

-1.92000-07  -7.46560-06 


D-17 


-6.9771D-05  -2.9458EM)5 

1.0239D-04  -1.8241EM>4 

1.1629I>04  -4.3157EM)4 

1.S1S3D>04  1.0804D-04 

•1.1818D-04  4.2939D-04 

-1.5227D-04  -3.0691D-05 

2.6276D-05  1.3724D-05 

-2.5096D-05  8.6310EM)5 

Columns  61  thru  66 

7.8357D-05  -3.3035D-05 

-3.7737D-05  -1.1727D-04 

-1.1234D-04  -1.0580D-04 

-8.3438D-05  9.3005D-05 

-1.4914D-05  8.3255D-05 

1.2124D-04  2.4738D-05 

1.5970D-04  -4.7886EW)5 

-3.6668D-03  -1.1388D-04 

-6.5893D-05  -5.3444IM)5 

-8.2637D-05  9.1591D-05 

-3.6157D-05  1.5824D-04 

1.1842D-04  2  ^402D-0S 

7.6809D-04  .8.5119D-04 

8.3862D^  7.4166D-04 

-l.2054CM)3  -1.0774D-03 

1.0663D-03  -1.2286D-03 

l,2125I>-03  1.0687D-03 

-1.0953D-03  1.2174D-03 

-3.9431D-05  4.0548D-05 

-3.8740EM)5  -3.7140D-05 

Columns  67  thru  72 

-4.6707D-03  -2.6108D-03 

-7.5899D-04  -9.4838D-04 

1.3094D-03  -3.6980IM)4 

6.6293D-03  1.3207D-04 

4.1361D-03  2.3836D-03 

-1.2887D-03  -5.9152D-04 

-5.4513D-03  -2.2300D-03 

-1.3797D-03  -5.4971D-03 

6.1680D-04  .9.0762EM)4 

2.1643D-03  9.7129D-04 

4.9875IW)3  2.4110IM)3 

-2.9309I>4)3  -4.5898D-03 

-1.3557D-02  .2.6401IW)3 

-2.0443D-03  -1.5559D-06 


1.7203D-04  -1.6404rW)5 

-3.2412D-05  -3.9225D-05 

-9.2885D-05  -1.6623D-04 

-4.5602D-04  1.8978D-05 

1.0873D-04  1.6424D-04 

4.4699D-04  -1.2457D-04 

-8.3650D-05  9.7752D-06 

1.7924EM)5  2.3623EM)5 


-1.4227D-04  -3.1451D-04 

-9.2071D-06  -4.58130-06 

1.03150-03  2.82200-04 

-6,05250-05  9.75430-04 

-2.20030-04  5.04050-04 

9.00770-06  1.39860-05 

8.44470-04  8.91610-04 

-1.32380-04  -7.41360-04 

-3.41390-04  -1.89930-04 

5.10250-07  -2.08060-05 

9.49510-04  -1.04620-03 

1.962704)4  -3.16470-04 

-1.621504)3  2.17780-02 

-4.3784003  -4.52230-03 

1.5799002  1.73630-02 

-2.41920-02  8.06650-02 

-1.578804)2  -1.75460-02 

-1.25840-02  -8.1991002 

-3.60480-04  5.06550-03 

-1.012404)3  -1.096004)3 


2.53880-04  -6.77570-03 

5.915204)4  -1.1265003 

-3.414704)3  9.18720-04 

-7.54740-04  1.2532002 

4.0960004  7.0391003 

-6.0658004  -2.1639003 

-5.432404)3  -4.628904)3 

1.0202003  -4.8297004 

2.881504)3  1.511104)3 

-9.6275005  3.7071003 

-5.3748003  2.8687003 

-2.4562003  -3.5418003 

-2.13860-03  -1.7003I>4)3 

-5.789104)3  -1.62170-04 


6.167004)6  -2.107204)6 

1.32740-05  -4.344004)8 

-7.02710-05  -1.59290-05 

-8.803304)5  3.26490-06 

7.0041005  2.7356006 

-1.383904)4  -6.6776006 

5.0930008  -2.53930-06 

2.01600-06  -5.8461006 


4.962104)4  -2.374204)3 

-1.49850-05  1.97450-03 

6.849404)4  6.58910-03 

-1.908504)4  -8.394904)4 

2.1285004  -3.0313003 

1.314604)6  -1.732104)3 

-1.083904)3  -1.819504)3 

-8.58280-04  5.29780-03 

-4.5735004  4.966804)3 

1.360104)5  -2.6781004 

-5.157204)4  -3.411104)3 

1.0382003  -4.9525003 

-4.4097003  1.548604)3 

-2.1135002  -9.748004)3 

8.0363002  -5.01370-02 

-1.218304)2  -2.13300-03 

-8.032104)2  5.02280-02 

2.0120002  8.03860-03 

-9.7753004  -8.849404)4 

-5.10040-03  7.471304)3 


-4.9226003  -2.901604)3 

3.60090-03  -1.8622003 

4.236404)3  -1.9%5O03 

-3.50870-03  -8.210704)3 

-5.03680-03  1.32160-03 

-3.40530-03  -2.078004)4 

-1.63750-03  -1.55300-03 

7.436404)3  -1.490904)2 

8.672904)3  -3.83340-03 

-6.21720-04  4.179704)5 

-3.316204)3  3.684104)5 

-1.17010-02  -1.05490-02 

-4.18340-04  -5.401404)4 

-4.20260-03  2.107404)3 


D-18 


-7.0161D-03  5.17090-03 

4.3457D-02  3.27810^ 

6.2633D-03  -5.88570-03 

-4.11340-02  -3.11450-02 

7.14080-03  3.72310-03 

1.21790-03  -6.61010-04 

Coluimis  73  thru  78 

8.29480-03  9.950704)3 

3.459104)3  -3.48720-03 

-3.27080-04  -1.94690-03 

-1.54510-02  -3.82780-03 

-1.24290-02  2.76150-03 

1.18990-03  4.58440-03 

7.19130-04  -8.32580-04 

1.15950-02  -1.15940-02 

3.97620-03  -1.18660-02 

-4.48120-03  -1.04230-03 

-5.35390-04  6.59210-04 

4.61540-03  1.59290-02 

4.27270-02  1.00150-02 

-1.110504)2  4.52510-02 

-1.58410-02  6.81480-02 

-7.27980-02  -2.31880-02 

1.83100-02  -6.75200-02 

7.36600-02  1.56750-02 

-8.541604)3  -2.001404)3 

1.74920-03  -8.662604)3 

Columns  79  thru  84 

-2.361804)2  2.550904)2 

-2.95210-02  -3.86550-02 

-1.50090-02  -4.88390-02 

-1.60630-02  -4.017204)2 

-5.408204)2  -3.89000-02 

1.4739I>4)2  2.640204)4 

1.22200-02  -2.34210-02 

2.86430-02  4.019004)2 

6.603104)2  4.293004)2 

1.583604)2  3.49440-02 

1.530504)2  1.598204)2 

-1.529404)2  -3.43980-03 

5.373804)3  2.221704)2 

-2.212204)3  -1.74950-02 

-1.772604)1  -1.200104)1 

-9.667204)2  -2.291504)1 


-1.085004)2  -1.60690-02 

-1.66260-02  8.38930-02 

1.07830-02  1.50270-02 

-1.000804)2  -8.70900-02 

9.33950-05  7.28360-03 

1.83930-03  1.741704)3 


4.78400-02  1.064504)3 

2.690904)2  7.715404)2 

5.517904)2  5.74760-02 

-3.902604)2  5.63520-02 

-2.25510-02  4.58100-02 

-8.140104)2  2.17820-03 

-7.40480-02  2.05300-02 

-3.13110-02  -5.531204)2 

-3.34240-02  -3.57160-02 

3.932104)2  -5.519404)2 

2.16510-02  -7.19090-02 

6.313004)2  9.246804)3 

3.86780-02  -5.780204)2 

6.25400-02  4.02620-02 

3.11930-01  2.047904)1 

-2.45080-01  3.248504)1 

-3.02920-01  -2.16870-01 

2.151504)1  -3.48190-01 

2.560604)2  -3.70870-02 

3.45990-02  3.71470-02 


3.91960-02  5.65260-02 

-4.956004)3  2.998604)2 

2.3019I>4)2  9.741204)3 

-4.671004)2  4.989404)4 

-4.831804)2  3.06790-02 

-3.556704)2  -2.831204)2 

-1.81680-02  -5.41370-02 

2.98150-03  -4.139904)2 

-3.08170-02  -3.451104)2 

3.511804)2  -1.47020-03 

5.21520-02  -3.36920-02 

4.14040-02  4.136104)2 

2.64760-02  -1.564304)3 

1.364204)2  2.82530-02 

1.235004)1  2.29850-01 

-2.466104)1  -5.06770-03 


-8.60450-02  1.593104)2 

-7.513504)3  2.25480-02 

8.59190-02  -1.739204)2 

9.517604)3  -2.20760-02 

-6.38750-04  1.465104)3 

7.00520-03  -2.285304)3 


4.210004)2  -7.016304)2 

3.215804)2  7.72810-03 

2.599404)2  1.32910-03 

-1.086704)2  3.53410-02 

-2.016204)3  6.28550-02 

-4.25460-02  2.40850-02 

-3.95180-02  1.74410-02 

-3.000504)2  -6.39520-03 

-2.801304)2  1.69050-02 

9.830004)3  -3.107604)2 

-8.34250-03  -2.74770-02 

4.012104)2  -2.48610-02 

4.92040-03  -3.75030-03 

3.761704)2  -3.63890-03 

2.196504)1  -7.50930-02 

-7.926104)2  2.58900-01 

-2.162504)1  6.119804)2 

4.73440-02  -2.54980-01 

8.405404)3  -3.32930-02 

2.77640-02  -5.04610-03 


1.56120-02  -8.83180-03 

-2.099804)2  2.81810-03 

-4.649204)2  -2.16990-02 

-3.093904)2  1.841104)2 

-2.70370-02  3.34240-02 

2.97350-03  4.679904)3 

-2.446704)2  2.15520-04 

3.295504)2  -1.72520-03 

5.102804)2  1.538504)2 

1.72240-02  -6.512804)3 

8.06710-03  -3.23570-02 

-5.155104)3  -1.54170-02 

1.42890-02  -6.85740-03 

-9.982704)3  -4.15470-03 

-1.074804)1  -3.22270-02 

-1.425704)1  9.59400-02 
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1.8234I>01 

1.308904)1 

-1.117104)1 

-2.2975134)1 

1.15750-01 

1.2401IV01 

2.37350-01 

2.35410-01 

-2.10150-02 

1.625004)1 

1.3737I>4)2 

2.94270-02 

3.270404)2 

-2.132304)4 

2.292504)2 

-3.3246D-02 

-2.52520-02 

1.080904)2 

3.626604)2 

-2.386004)2 

Columns  85  thru  88 

-1.3633D-02 

4.35760-02 

2.84790-02 

-3.79680-02 

2.91321>02 

3.41350-03 

-1.040304)3 

2.99900-02 

-8.2424D-03 

3.953704)2 

-2.18500-02 

-3.24160-02 

-3.1623I>02 

5.16470-03 

1.613404)2 

2.151604)2 

-8.7381D-03 

2.32860-03 

-5.219804)2 

-4.58800-02 

2.7771D-02 

-1.570504)3 

5.11580-04 

2.98330-02 

-9.7459D-03 

-4.096204)2 

-2.716104)2 

-4.133304)2 

-2.5758D-02 

1.250204)2 

-1.406604)2 

3.26450-02 

-1.1555D-02 

-4.487104)2 

2.221904)2 

-3.68820-02 

2.9710D-02 

-2.06280-03 

4.189104)5 

3.686404)2 

-4.2229D-03 

3.95090-04 

4.997904)2 

-3.224804)2 

-2.6773D-02 

-1.83610-02 

-6.240304)3 

3.04280-02 

2.1674D-03 

2.11580-03 

9.082204)3 

5.27880-03 

•1.66631>03 

9.721604)3 

-2.25370-03 

-3.48930-03 

8.4547D-04 

8.647404)2 

-2.55060-02 

-9.07240-03 

2.2429D-03 

-3.023404)2 

-1.021004)1 

5.212004)2 

-3.4046D-03 

-8.547404)2 

2.71800-02 

-4.90910-03 

-6.9047D-05 

2.294704)2 

1.03680-01 

-3.520604)2 

1.4428D-03 

5.722104)3 

2.147304)2 

1.639204)2 

-4.7767D-03 

2.01500-02 

-1.15790-02 

-2.000804)2 

2.6666D-02 

-8.2447D-02 

-1.4775D-02 

-3.0288D-03 
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Appends:  Modal  Cott  Models:  Open  Loop  Bode  Response 

This  i4)pendix  contains  Bode  plots  of  the  re^>onsM  in  the  X  and  Y  LOS  axis  to  the 
nine  disturbance  inputs  for  each  of  the  modal-cost  reduced  filters  (10-,  IS-,  and  20-mode). 
The  trudi  model  response  has  been  added  for  ease  of  comparison.  Notice  the  high 
frequency  inconsistencies  (large  dips  in  the  plots)  in  Figures  E-3.  E-7,  E-9,  E-21.  E-25. 
E-26,  E-32.  E-35.  and  E-53. 
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Frequency  (Hi) 


Figure  E-1.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  1,  X  LOS) 


Figure  E-3.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  3,  X  LOS) 
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Figure  B-6.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  6,  X  UDS) 
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Figure  E-7.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  7,  X  LOS) 


igure  E-8.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  8,  X  LOS) 


Figure  E-IO.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  1,  Y  LOS) 


Pr«<iuency  (Hx) 

Figure  E- 1 1 .  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  2,  Y  LOS) 


Figure  E- 12.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  3,  Y  LOS) 
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Figure  E-13.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  4,  Y  LOS) 


Figure  E- 14.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  5,  Y  LOS) 


Figure  E- 15 .  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  6,  Y  LOS) 
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Figure  E- 16.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  7,  Y  LOS) 


Figiue  E- 17.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  8,  Y  LOS) 


Figure  E-18.  Truth  vs.  10-mode  Modal-Cost  Reduced  (Disturbance  9,  Y  LOS) 
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Figure  B-21 .  Truth  vs.  15-mode  Modal-Cost  Reduced  (Disturbance  3,  X  LOS) 
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Figure  E-24.  Truth  vs.  15*mode  Modal-Cost  Reduced  (Disturbance  6,  X  LOS) 
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Rgure  B-25.  Truth  vs.  15-mode  Modal-Cost  Reduced  (Disturbance  7,  X  LOS) 


Figure  E-26.  Truth  vs.  15-mode  Modal-Cost  Reduced  (Disturbance  8,  X  LOS) 


Figure  B-27.  Truth  vs.  15-mode  Modal-Cost  Reduced  (Disturbance  9,  X  LOS) 


E-10 


Gain  (dB)  3?  Cain  (dB)  31 


Pra^aney  (Hs) 


gure  E-29.  Truth  vs.  IS-mode  Modal-Cost  Reduced  (Disturbance  2,  Y  LOS) 


Figure  E-30.  Truth  vs.  15-mode  Modal-Cost  Reduced  (Disturbance  3,  Y  LOS) 
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Figure  E-34.  Truth  vs.  15-mode  Modal-Cost  Reduced  (Disturbance  7,  Y  LOS) 


Figure  E-35.  Truth  vs.  IS-mode  Modal-Cost  Reduced  (Disturbance  8,  Y  LOS) 


Figure  E-36.  Truth  vs.  15-mode  Modal-Cost  Reduced  (Disturbance  9,  Y  LOS) 
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guitt  E-37.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  1.  X  LOS) 


gure  E-38.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  2.  X  LOS) 


Figure  E-39.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  3,  X  LOS) 


E-14 


Figure  E-40.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  4,  X  LOS) 


Figure  E-41.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  5,  X  LOS) 


Figure  E-42.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  6,  X  LOS) 
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Hgure  E-43.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  7,  X  LOS) 


Figure  B-44.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  8,  X  LOS) 


Figure  E-45.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  9,  X  LOS) 
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Figure  E-46.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  1,  Y  LOS) 


Figure  B-47.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  2,  Y  LOS) 


Figure  E-48.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  3,  Y  LOS) 
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gure  B-50.  Truth  vs.  20-mo<ie  Modal-Cost  Reduced  (Disturbance  5,  Y  LOS) 


Figure  E-5 1 .  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  6,  Y  LOS) 
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Figure  E-52.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  7,  Y  LOS) 


gure  E-53.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  8,  Y  LOS) 


Figure  E-54.  Truth  vs.  20-mode  Modal-Cost  Reduced  (Disturbance  9,  Y  LOS) 


Appendix  F:  Single  Filter  Model  Anafysis 


This  qjpendix  presents  all  the  individual  tuning  parameters  in  Table  F-1  and  all  the 
plot  results  for  each  filter  model.  Section  S.2.1  discusses  the  generation  of  and  R^, 
respectively.  Section  4.  '1.2  (Equation  (4.10))  and  Section  5.2.2  discusses  the  generation 
of  the  1/p^  values.  Plots  F-1, 2  illustrate  the  open  loop  response  of  the  truth  model  (no 
LQG  control).  For  each  of  the  filter  plots  groups,  the  first  two  plots  illustrate  the  filter 
tuning  about  the  X  and  Y  LOS  axis,  respectively  (as  discussed  in  Section  5.2.1).  The  next 
two  plots  illustrate  each  Elter/controller's  performance  about  the  X  and  Y  LOS  axis, 
respectively,  when  closed  loop  L(^  control  is  implied. 


Filter  Model 

Q/ 

w. 

Truth  fQter 

1 

.007 

1 

12-Modal 

3 

0.08 

25 

18-Modal 

3 

.004 

21 

26-Modal 

2 

.004 

2.5 

10-Modal-Cost 

4 

0.4 

6 

15-Modal-Cost 

3 

0.3 

5.9 

20-Modal-Cost 

3 

.08 

6 

26-Modal-Cost 

2 

.003 

2.5 

26-Modal-Trunc. 

2 

.004 

2 

Table  F-1.  Filter  Model  Tuning  Parameters 
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Figure  F- 1 .  Truth  Model  X-Axis  LOS  Error  -  with  No  Control  Applied 


Figure  F-2.  Truth  Model  Y-Axis  LOS  Eiror  -  with  No  Control  Applied 
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Figure  F-4.  Truth-Model-Based  Filter  Y-Axis  Estimation  Error 
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Figure  F-5.  Truth-Model-Based  Controller  X-Axis  LX)S  Error  -  With  Control  Applied 
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Figure  F-6.  Truth-Model-Based  Controller  Y-Axis  LXDS  Error  -  With  Control  Applied 
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Figure  F-8.  12-Modal  Model  Hlter  Y-Axis  Estimation  Error 
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Figure  F- 10.  12-Mo(lal  Model  Controller  Y-Axis  LOS  Error  -  With  Control  Applied 
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Figure  F- 1 1 .  18*Modal  Model  Hlter  X-Axis  Estimation  Error 
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Figure  F-12.  18-Modal  Model  Filter  Y-Axis  Estimation  Erro' 
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Figure  F- 14.  18-Modal  Model  Controller  Y-Axis  LOS  Error  -  With  Control  Applied 
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Figure  F- IS.  26-Modal  Model  Filter  X-Axis  Estimation  Error 
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Rgure  F- 16.  26-Modal  Model  Filter  Y-Axis  Estimation  Error 
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Figure  F- 17.  26>Modal  Model  Controller  X-Axis  LOS  Error  -  With  Control  Applied 
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Figure  F- 18.  26-Modal  Model  Controller  Y-Axis  LOS  Ettot  -  With  Control  Applied 
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Figure  F- 19.  lO-Modal-Cost  Model  FUter  X-Axis  Estimation  Error 


Figure  F-20.  1 0-Modal-Cost  Model  Filter  Y -Axis  Estimation  Error 
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Figure  F-2 1 .  10-Modal-Cost  Model  Controller  X-Axis  LOS  Enrw  -  W/  Control  Applied 
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Figure  F-22.  10-Modal-Cost  Model  Controller  Y-Axis  LOS  Error  -  W/  Control  Applied 
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Figure  F-23.  15-Modal-Co8t  Model  Filter  X-Axis  Estimation  Error 
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Figure  F-24.  1  S-Modal-Cost  Model  Filter  Y -Axis  Estimation  Error 
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Figure  F-25.  15-Modal-Cost  Model  Controllw  X-Axis  LOS  Error  -  W/  Control  Applied 
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Figure  F-29.  20-Modal-Cost  Model  Controller  X-Axis  LOS  Error  -  W/  Control  Applied 


Figure  F-30.  20-Modal-Cost  Model  Controller  Y-Axis  LOS  Error  -  W/  Control  Applied 
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Figure  F-3 1 .  26-Modal-Cost  Model  Filter  X-Axis  Estimation  Error 
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Figure  F-32.  26-Modal-Cost  Model  Filter  Y-Axis  Estimation  Error 
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Figure  F-33.  26-Modal-Cost  Model  Controller  X-Axis  LOS  Error  -  W/  Control  ^>plied 
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Figure  F-34.  26-Modal-Cost  Model  Controller  Y-Axis  LOS  Error  -  W/  Control  Applied 
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Figure  F-35 .  26-Truncated-Modal  Model  Filter  X-Axis  Estimation  Error 
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Figure  F-37.  26-Trunc. -Modal  Model  Contr.  X-Axis  LOS  Error  -  W/  Control  ^plied 


0123456789  10 

Hn^  (secimds) 


Figure  F-38.  26-Trunc.-Modal  Model  Contr.  Y-Axis  LOS  Error  -  W/  Control  ^plied 
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Appendix  G:  MMAE  Design  Petfornuuue  Results 


This  q>pendix  presents  all  the  plot  results  fa*  the  MMAE  analysis  in  Section  5.5. 
The  plots  in  this  appendix  refxesent  a  very  good  representative  sample  of  all  the  actual 
simulations  conducted  for  this  section.  Although  there  is  no  legend  associated  with  each 
of  the  parameter  identification  plots,  it  should  be  fairly  evident  that  the  true  parameter  is 
indicated  by  the  straight  lines  and  the  parameter  estimate  (mean  value  obtained  from  a  ten- 
run  Monte  Carlo  analysis)  is  indicated  by  the  wavering  lines.  (It  was  decided  not  to 
include  mean  ±  la  plots  because  the  la  values  were  very  small  fm:  all  but  the  short 
transient  period  following  a  true  paramet^  move  and  the  addition  of  the  extra  lines  would 
cause  undue  clutter  to  tl%  plots.)  In  each  of  die  plots,  the  Bayesian  form  is  assumed, 
except  where  noted  (Figures  G-3  through  G-8).  Parameter  match  refers  to  the  situation 
in  which  the  true  parameter  is  held  stationary  at  (D5  and  the  filter  bank  is  initially  centered 
at  the  same  location.  Parameter  offset  up  refers  to  the  situation  in  which  the  true 
parameter  is  held  stationary  at  cOy; ,  and  the  filter  bank  center  is  initially  positioned  at  (D5 . 
Parameter  offset  down  refers  to  the  situation  in  which  the  true  parameter  is  held  stationary 
at  05 ,  and  the  filter  bank  center  is  initially  positioned  at  0)77 .  Parameter  jump  up  refers 
to  the  situation  in  which  the  true  parameter  and  filter  bank  center  are  initially  positioned  at 
a>5 ,  then  the  true  parameter  makes  a  discrete  jump  to  0977  at  the  five  second  mark. 
Parameter  Jump  down  refers  to  the  situation  in  which  the  true  parameter  and  filter  bank 
center  are  initially  positioned  at  (077,  then  the  true  parameter  makes  a  discrete  jump  to  0)5 
at  the  five  second  mark.  Parameter  move  up  refers  to  the  situation  in  which  the  true 
parameter  and  the  filter  bank  center  are  initially  positioned  at  then  the  true  parameter 
is  moved  up  in  discrete  jumps  of  2  every  two  seconds  fw  30  seconds.  Parameter  move 
down  refers  to  the  situation  in  which  the  true  parameter  and  the  filter  bank  center  are 
initially  positioned  at  (O7 ^ ,  then  the  true  parameter  is  moved  down  in  discrete  jumps  of  2 
every  two  seconds  for  30  seconds. 
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Figure  G-1.  MMAE  X-axis  Estimation  Errra- 
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Figure  G-2.  MMAE  Y-axis  Estimation  Error 
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Figure  G-3.  Parameter  Position  Monitoring  with  Parameter  Match  (ME/I) 


;ure  G-4.  Parameter  Position  Monitoring  with  Parameter  Jump  Up  (ME/I) 


Figure  G-S.  Parameter  Position  Monitoring  with  Parameter  Jump  Down  (ME/I) 
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Figure  G-6.  Parameter  Position  Monitoring  with  Parameter  Move  Up  (MEyi) 
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Figure  G-7.  Parameter  Position  Monitoring  with  Parameter  Move  Down  (ME/I) 
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Figure  G-8.  Residual  Monitoring  with  Parameter  Match 
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Figiu-e  G-9.  Probability  MoniUxing  with  Parameter  Match 
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Figure  G- 10.  Parameto'  Position  Monitming  with  Parameter  Match 
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Figure  G- 1 1 .  Residual  MonitcMing  with  Parameter  Offset  Up 
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Figure  G-12.  Probability  Monitoring  with  Parameter  Offset  Up 
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Figure  G-13.  Parameter  Position  Monitoring  with  Parameter  Offset  Up 
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Figure  G-14.  Residual  Monitoring  with  Parameter  Offset  Down 
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Figure  G-15.  Probability  Monitoring  with  Parameter  Offset  Down 
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Figure  G-16.  Parameter  Position  Monitoring  with  Parameter  Offset  Down 
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Figure  G- 17.  Residual  Monitoring  with  Parameter  Jump  Up 
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Figure  G-18.  Probability  Monitoring  with  Parameter  Jump  Up 
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Figure  G-19.  Parameter  Position  Monitoring  with  Parameter  Jump  Up 
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Figure  G-20.  Residual  Monitoring  with  Parameter  Jump  Down 
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Figure  G-21.  Probability  Monitoring  with  Parameter  Jump  Down 
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Figure  G-22.  Parameter  Position  Monitoring  with  Parameter  Jump  Down 
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Figure  G-23.  Residual  Monitoring  with  Parameter  Move  Up 
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Figure  G-24.  Probability  Monitoring  with  Parameter  Move  Up 
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Hgure  G-25.  Parameter  Position  Monitoring  with  Parameter  Move  Up 
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Figure  G-26.  Residual  M(»iit(»ing  with  Parameter  Move  Down 


Figure  G-27.  Probability  MoniUxing  with  Parameter  Move  Down 


Hgure  G-28.  Parameter  Position  Monitoring  with  Parameter  Move  Down 
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Hgure  G-29.  Parameter  Position  Mon.  with  Parameter  Offset  Up  (Move  Logic  Only) 
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Figure  G-30.  Parameter  Position  Mon.  with  Parameter  Offset  Down  (Move  Logic  Only) 
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Figure  G-3 1 .  Parameter  Position  Mon.  with  Parameter  Jump  Up  (Move  Logic  Only) 


Hgure  G-32.  Parameter  Position  Mon.  with  Parameter  Jump  Down  (Move  Lpgic  Only) 
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Appendix  H:  MMAC  Design  Performasue  Results 


This  appendix  presents  all  the  pltx  results  for  the  MMAC  analysis  in  Section  S.6. 
The  plots  in  this  appendix  represent  a  very  good  representative  sample  of  all  the  actual 
simulations  conducted  for  this  section.  Although  there  is  no  legend  associated  with  each 
of  the  parameter  identification  plots,  it  should  be  fairly  evident  that  the  true  parameter  is 
indicated  by  the  straight  lines  and  the  parameter  estimate  (mean  value  obtained  from  a  ten 
run  Monte  Carlo  analysis)  is  indicated  by  the  wavering  lines.  (It  was  decided  not  to 
include  mean  ±  la  plots  because  the  la  values  were  very  small  for  all  but  the  short 
transient  period  following  a  true  parameter  move  and  the  addition  of  the  extra  lines  would 
cause  undue  clutter  to  the  plots.)  Parameter  match  refers  to  the  situatitm  in  which  the 
true  parameter  is  held  stationary  at  <Os  and  the  filter  bank  is  initially  centered  at  die  same 
location.  Parameter  jump  refers  to  the  situation  in  which  die  true  parameter  and  filter 
bank  center  are  initially  positioned  at  0)5 ,  then  the  true  parameter  makes  a  discrete  jump 
to  (D 17  at  the  five  second  mark.  Parameter  move  refers  to  the  situation  in  which  the  true 
parameter  and  the  filter  bank  center  are  initially  positioned  at  ooj,  then  the  true  parameter 
is  moved  up  in  discrete  jumps  of  2  every  two  seconds  for  30  seconds.  Each  of  the  four 
control  methods  investigated  are  rqiresented  in  this  appendix.  The  MMAC  utilizes  the 
unconditional  "blending"  of  the  control  inputs  frtxn  each  of  the  active  filtn^/controUers. 
Modified  MMAC  institutes  a  lower  bound  of  0.25  tm  the  probability  of  each 
filter/controller  before  computing  the  probability-weighted  average  as  the  MMAC  control 
ou^ut,  which  precludes  the  blending  of  those  under  this  threshold.  The  MAP  method 
declares  the  filter/controller  with  the  highest  probability  as  the  one  to  provide  the  final 
control  input.  The  Modified  MAP  method  declares  the  frlter/ctmtroUer  based  on  the 
parameter  value  closest  to  the  parameter  estimate  as  the  one  to  provide  the  final  control 
input 
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HgureH'l.  MMAC  X-axis  LOS  Error 
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Figure  H-2.  MMAC  Y-axis  LOS  Error 
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Figure  H-3.  Residual  Monitoring  w/MMAC  and  Parameter  Jump 


Hgure  H-4.  Probability  Monitoring  w/MMAC  and  Parameter  Jump 


Figure  H-5.  Parameter  Position  Monitoring  w/MMAC  and  Parameter  Jump 
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Figure  H-7.  Probability  Monitoring  w/Mod  MMAC  and  Parameter  Jump 
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Figure  H-8.  Parameter  Position  Monitoring  w/Mod  MMAC  and  Parameter  Jump 
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Figure  H-9.  Residual  Monitoring  w/MAP  and  Parameter  Jump 


Figure  H-10.  Probability  MoniUxing  w/MAP  and  Parameter  Jump 


Figure  H-1 1.  Parameter  Posititm  Monitoring  w/MAP  and  Parameter  Jump 
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Figure  H-12.  Residual  Monitoring  w/Modified  MAP  and  Parameter  Jump 


Figure  H-13.  Probability  Monibning  w/Modified  MAP  and  Parameter  Jump 
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Hgtue  H-14.  Parameter  Position  Monitoring  w/Modifled  MAP  and  Parameter  Jump 
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Figure  H-15.  Residual  Monitoring  w/MMAC  and  Parameter  Match 
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Figure  H- 16.  Probability  Monitoring  w/MMAC  and  Parameter  Match 
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Figure  H- 17 .  Parameter  Position  Monitoring  w/MMAC  and  Parameter  Match 
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Figure  H- 18.  Residual  Monitoring  w/Mod  MMAC  and  Parameter  Match 


Figure  H- 19.  Probability  Monitoring  w/Mod  MMAC  and  Parameter  Match 
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Figure  H-22.  Probability  Monitoring  w/MAP  and  Parameter  Match 
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Figure  H-23.  Parameter  Position  Monitoring  w/MAP  and  Parameto'  Match 
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Figure  H-24.  Residual  Mooitoring  w/Modified  MAP  and  Parameter  Match 
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Figure  H-25.  Probability  Monitcning  w/Modified  MAP  and  Parameter  Match 


Figure  H-26.  Parametu-  Position  Monitoring  w/Modified  MAP  and  Parameter  Match 
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Figure  H-27.  Residual  Monitoring  w/MMAC  and  Parameter  Move 


Figure  H-28.  Probability  Monitwing  w/MMAC  and  Parameter  Move 


Figure  H-29.  Parameter  Position  Monitoring  w/MMAC  and  Parameter  Move 
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Figure  H-29.  Residual  Monitoring  w/Mod  MMAC  and  Parameter  Move 


Figure  H-30.  Probability  Monitoing  w/Mod  MMAC  and  Parameter  Move 


Figure  H-31.  Parameter  Position  Monitoring  w/Mod  MMAC  and  Parameter  Move 
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Hgure  H-32.  Residual  Mtmitorii^  w/MAP  and  Parameter  Move 


Figure  H-33.  Probability  Monitoring  w/MAP  and  Ptuameter  Move 


Hgure  H-35.  Parameter  Position  Monituiing  w/MAP  and  Parameter  Move 
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Figure  H-34.  Residual  Monitoring  w/Modified  MAP  and  Parameter  Move 


Hgure  H-3S.  Probability  Monitoring  w/Modiiied  MAP  and  Parameter  Move 


Hgure  H-36.  Parameter  Position  Monitoring  w/Modified  MAP  and  Parameter  Move 
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The  purpose  of  this  thesis  is  to  apply  moving-bank  multiple  model  adaptive  estimation  and  control 
(MMAE/MMAC)  algorithms  to  an  actual  space  structure  (SPICE)  being  examined  at  Phillips  Laboratory 
at  Kirtland  AFB,  NM.  The  structure  consists  of  a  large  platform  and  a  smaller  platform  connected  by  three 
legs  in  a  tripod  fashion.  Kalman  filtering  and  LQG  control  techniques  are  utilized  as  the  primary  design 
tool.  Implementing  a  bank  of  filters  increases  the  robustness  of  the  LQG  controller  when  uncertainties 
exist  in  the  system  model,  whereas  the  moving  bank  is  utilized  to  reduce  the  computational  load.  Several 
reduced-order  models  are  developed  from  the  truth  model  using  modal  analysis  and  modal  cost  analysis. 
The  MMAE/MMAC  design  with  a  dramatically  reduced-order  filter  model  provides  an  excellent  method 
to  estimate  a  wide  range  of  parameter  variations  and  to  quell  oscillations  in  the  structure. 
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